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ABSTRACT

Modeling the Rates of Lead and Strontium Uptake by Zeolitized
Tuff from Rainier Mesa, Nevada Test Site, Nevada
by
Patricia Ann B em ot
Dr. Charalam bos Papelis, Exam ination Committee Chair
Professor o f Geoscience
University of Nevada, Las Vegas

The fate and transport o f contaminants released during nuclear testing at the NTS
are partly controlled by interactions o f their aqueous species with mineral surfaces.
It has been shown that retardation o f contaminants in the subsurface may be controlled by
intraparticle mass transfer rather than equilibrium partitioning. For this reason, the rate
o f lead (Pb) and Strontium (Sr) uptake by zeolitized tu ff from Rainier Mesa, N TS, was
studied as a function o f pH, ionic strength, and m etal concentration.
To test the hypothesis that sorption o f Pb occurs through surface precipitation and
Sr sorbs through diffusion, the data were m odeled b y a first order model and a diffusion
model. The sorption o f Pb(II), displaying rapid uptake by the zeolitized tuff, is described
well by the first order m odel but the diffusion m odel cannot reproduce the fast initial
uptake which is consistent w ith precipitation. Sorption o f Sr(II) is consistent w ith
diffusion and subsequent cation exchange.
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C H A PTE R 1

IN TRO D U CTIO N
S orption reactions can be subdivided into several different processes including
adsorption, absorption, and surface precipitation. All of these processes involve
partitioning o f solutes between a solid phase (sorbent) and an aqueous phase. A ccording
to Stum m (1987), these interactions at the solid-liquid interface play a crucial role in the
developm ent o f soils, geochemical cycling, and drinking w ater quality. The principal
m otivation fo r m any studies involving sorption at the solid-liquid interface is
contam inant m igration in the subsurface. This migration depends largely on the ex ten t o f
partitioning a n d sorption rates of these contam inants into the substrate. It has been
previously show n that the retardation o f contam inants in the subsurface may be
controlled by intraparticle mass transfer rather than equilibrium partitioning of those
contam inants at the solid-w ater interface. For this reason, the fractional uptake o f the
contam inant ions as well as the sorption rates m ust be known and utilized to attem pt any
prediction on the transport of contaminants through the the subsurface. Only by
understanding the com position and chem istry o f the solid, the physical and chem ical
characteristics o f the contaminant, as w ell as the chemical characteristics o f the carrier
fluid, can conclusions on the fractional uptake o f the metal ions in the subsurface be
made (Davis and Hayes; 1986, Hochella and W hite; 1990; Piw oni and Keeley, 1991;
Stumm, 1987).
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The sorption o f solutes by subsurface geom edia is o f great im portance to
environm ental engineers and scientists. This is because the partitioning o f solutes at the
solid-liquid interface can effect the transport o f potentially hazardous contam inants
through groundw ater systems w hich directly effects the quality o f the w orld’s fresh water
supply. Piwoni and Keely (1991) point out that the distribution o f solutes betw een the
solvent and the adsorbent is an im portant process in controlling the m igration o f
contam inants in the subsurface. Failure to consider sorption processes in the fate and
transport o f contam inants can result in gross overestim ation o f the am ount o f any
contam inant at a point som e distance aw ay from the source.
Equilibrium studies are concerned w ith the final equilibrium state o f a substance
in solution. In nature, equilibrium studies are valid when sorption is very fast so that
equilibrium occurs faster than transport o f the contam inant ion in solution. However, it
has been shown that retardation o f contam inants in the subsurface m ay be controlled by
intraparticle mass transfer rather than equilibrium partitioning. B ecause o f this
dependence on intraparticle mass transfer, rate studies were conducted on Pb(H) and
Sr(H) sorption by zeolitized tuffs collected form R ainier Mesa, N TS, as a function of pH,
ionic strength, and metal concentration. K inetics, in general, m ay be controlled by
several factors: intrinsic chem ical reaction rates, diffusion o f the ions into the solution,
exchange at sorption sites or surface precipitation, and diffusion through the channel of
the crystal structure (Blanchard, et al, 1984).
On January 27, 1951, nuclear w eapons testing began at the N evada T est Site
(NTS). Since that time, over 100 atm ospheric and 804 underground tests were conducted
at various regions around the NTS (U.S. D epartm ent o f Energy, 1994). To prevent fallout
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o f radioactive debris from atmospheric tests, tests were prim arily conducted in the
subsurface in varying geologic and hydrologie environments. H ow ever, these
underground tests released large quantities o f radionuclides and other hazardous materials
into the groundwater system s underlying the NTS. M igration o f these materials o ff the
test site through means o f the groundw ater system poses a potential threat to both humans
and the surrounding biota.

R esearch Objectives
Zeolitized tu ff samples were collected from Rainier M esa because they underlie
m uch o f the NTS and may work as subsurface molecular sieves to “filter” out hazardous
contam inants from the groundwaters underlying the NTS. T his study was chosen
because contaminants released during the nuclear weapons testing phase at the NTS, such
as Pb and Sr, pose health threats to hum ans. Previous studies have show n that sorption o f
inorganic ions onto minerals is a m ajor process that controls the m igration and
concentrations o f inorganic contam inants in the subsurface (Papelis, 1992). Therefore,
sorption studies were conducted on sam ples collected from the NTS so that sorption
parameters useful in geochem ical and hydrological m odeling could be obtained.
To obtain these parameters, several objectives o f the study had to be completed.
T he first of these was to determ ine the extent o f the partitioning o f Pb(II) and Sr(II) at the
solid-liquid interface through the use o f rate experiments. T his objective was attained to
provide an understanding o f the sorption behavior o f the m etal ions as well as to provide
data that can be used in rate and diffusion modeling and in obtaining sorption isotherms
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and partitioning coefficients for com parison with previous equilibrium work o f sorption
o f the ions w ith the zeolitized tuff.
The second objective o f the study was to use the d ata obtained from the kinetics
experim ents to determ ine sorption isotherms that will help to define the affinity o f Pb and
S r for the zeolitized tuff. Therefore, we will be able to determ ine which ion may be
retarded m ore than other and the extent o f that retardation. These kinetic and equilibrium
param eters can then be used in geochemical models for the prediction o f contam inant
m igration through groundw ater systems at the NTS.
The third objective o f the study involved the actual first order m odeling o f the
rates as well as diffusion modeling for the two metal ions. M odeling was carried o u t to
detail how quickly the Pb(ll) and Sr(II) ions sorbed to the tu ff sam ples and to obtain
diffusivity values as well as sorption parameters for use in geochem ical models for
contam inant transport.
The final objective o f the study was to provide som e data (sorption param eters,
diffusivities, rates) on the effects that different size fractions have on the sorption rate o f
the zeolitized tuff. This is important because natural m aterials, unless purified through
w eathering and transport, contain an abundance o f different size fractions. These larger
size particles are then expected to have path lengths that are orders o f magnitude larger in
the natural environm ent than the artificial environment created in the laboratory. To make
the study more applicable to the natural world, some data are also needed about how
particle size affects sorption at the NTS.
These objectives were designed to test several hypotheses. The first was that Sr
and Pb show two m arkedly different sorption behaviors. Based on previous studies
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(Sloop, 1998), the possible sorption m echanisms w ould include diffusion controlled
sorption for S r and sorption by surface precipitation o r attaching to surface sites for Pb.
The kinetic studies will set out to further test this hypothesis. The second w as that Pb has
a greater affinity for the zeolitized tu ff than Sr so that in a com peting system . Pb w ould
bind m ore strongly and thus have a higher retardation com pared to Sr.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER!

BACKGROUND IN FO RM A TIO N
Study A rea
N evada T est Site
The N evada Test Site (NTS) is located in Nye County, Nevada, approxim ately 60
km to the northwest of the city o f Las Vegas, N evada (Figure 1). Situated in the G reat
B asin Section o f the Basin and Range physiographic province, the NTS is an arid region
characterized by low rainfall, low relative hum idity, and extensive variations in daily
tem perature (Thordarson 1965).
The rocks exposed at the NTS range from Precambrian to Q uaternary in age.
From the Precambrian through the Permian, thick sequences of marine strata were
deposited on what was the continental margin o f North America. Some o f these
successions reach up to approxim ately 12,400 m eters thick. During the T ertiary, volcanic
activity produced deposits o f air-fall tuff, ash-flow tuff, and lava flows. T hese deposits
reach a local thickness o f up to 3,900 meters. D uring the Quaternary, several basaltic lava
flow s w ere produced w hile alluvial fan sedim ents filled most o f the valleys created by
extension in the region (W inograd and Thordarson, 1975).
T he Precambrian and Paleozoic carbonate and clastic rocks as w ell as the
C enozoic volcanic and sedim entary strata can be subdivided into 10 different
hydrogeologic units including 6 aquifers and 4 aquitards. The aquifers include, in order
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Nevada Test Site

Figure I. M ap o f the Nevada Test Site showing the location o f Rainier
M esa in area 12.
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o f increasing age, the vailey-fill aquifer. lava-flow aquifer, w elded-tuff aquifer, bedded
tu ff aquifer, upper carbonate aquifer, and the low er carbonate aquifer. T he principal
aquifers in the region include the low er carbonate aquifer and valley-fill aquifer because
they have the widest areal distribution in the region and are, therefore, the prim ary
aquifers used as a w ater source. The remaining four aquifers are m ore localized and
provide w ater to only a sm all area. Transmission o f w ater in the bed d ed -tu ff aquifer and
the valley-fill aquifer occurs prim arily through interstitial openings in the rock. However,
transm ission o f the groundw ater throughout the low er and upper carbonate aquifers, the
w elded-tuff aquifer, lava-flow aquifer, and the low er and upper carbonate aquifers occurs
chiefly through secondary openings developed along fractures in the rock (W inograd and
Thordarson, 1975).
R ainier M esa
Rainier Mesa is located in the north-central part o f the NTS. It is the highest of a
group o f mesas, ridges, and low mountains that b o rd er the northw estern part o f Yucca
Flat (Thordarson, 1965; B enson, 1976). The m esa rises 67 to 240 m eters above nearby
highlands and trends north-south along its 4.8 km length. The mesa is part o f a drainage
divide that separates drainage to the west to Fort m ile Canyon and to the east to Yucca
Flat (Thordarson, 1965).
The vegetation on R ainier M esa differs from that o f the surrounding ridges and
m esas, consisting o f open stands o f pinion pine and ju n ip er trees. B etw een the mesa and
Y ucca Flat, ridge slopes supports only a small am ount o f shrubs and sm all plants. The
vegetation on the adjoining Y ucca Flat consists prim arily o f desert shrubs (Thordarson,
1965).
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The rocks exposed at R ainier M esa are prim arily igneous and sedim entary,
ranging in age from late Precam brian to Recent. T he oldest rocks exposed on the mesa
are Precam brian quartzite and Paleozoic argillite and dolomite. These sedim entary units
have been subjected to at least two periods o f deform ation and are thus highly fractured,
folded and faulted. T hough these formations are presently exposed only in a few areas,
drilling inform ation indicates that these rocks underlie the entire area surrounding Rainier
Mesa.
M esozoic strata are represented by a quartz m onzonite intruded into the quartzite
and argillite units. T he m onzonite is believed to be Jurassic or C retaceous in age
(G ibbons et al., 1963). No other sedim entary o r volcanic rocks o f M esozoic age are
present in the R ainier M esa area or anywhere else on the NTS (Thordarson, 1965).
The most w idely exposed rocks on the M esa are Tertiary volcanic rocks ranging
from 600 to approxim ately 1500 meters in thickness. The rocks include bedded ash-fall
tuff, partially-w elded tuff, and rhyolite. Unlike the late Precambrian and Paleozoic strata
on the mesa, which underw ent severe deformation, the bedded and w elded tuffs are
relatively flat lying w ith dips seldom exceeding 25°.
Zeolitized T uff
Studying the potential o f zeolitized tuff as m olecular sieves for radionuclide
retardation is o f great im portance because this zeolitized tuff bed is w idely distributed
and is the prim ary control on the recharge rate o f groundw ater to the m ore permeable
Paleozoic aquifers w hich lie below it (Thordarson, 1965). The zeolitized tu ff bed is
present in the low er h alf o f the tuffaceous section exposed at Rainier M esa. It composes
the low er half o f the G rouse C anyon M ember o f the Indian Trail Form ation and bedded
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tu ff o f the Paintbrush Tuff. These units are typically 270 to 400 meters in thickness.
Inside the tunnels dug into the side o f R ainier M esa, the local inform al units o f the Indian
Trail Formation are subdivided into four “tunnel beds”. The samples collected from
Rainier M esa for use in sorption studies were collected from Tunnel Bed 3 (Thordarson,
1963).
The zeolitic tu ff is an ash-fall tu ff which consisted primarily o f pumice and glass
shards which w ere later altered predom inantly to the zeolites clinoptilolite, mordenite,
and analcime w ith m inor clay and silica and hem atite cements. Non zeolitized
constituents o f the zeolitized tuff, approxim ately 5% to 30% o f the tuff, consist o f quartz,
feldspar, biotite, and dense lithic fragm ents which are impermeable to water, surrounded
by the perm eable zeolite matrix (Thordarson, 1965).
Thordarson (1965) analyzed sam ples taken from the U12e tunnel complex from
the tunnel beds 1-4 for interstitial porosity, interstitial permeability, and percent
saturation o f the interstitial pore spaces. The average interstitial porosity o f the zeolitized
tuff ranged from 25 to 38 % whereas the interstitial permeability ranged from 0.0004 to
0.02 gpd/ft“. T hese values are very low and are m ost likely due to extrem ely small
microscopic pore spaces with large capillary forces. The saturation o f the tuffs collected
was close to 100% with the only exception being tunnel bed one which was only 70%
saturated. O verall the zeolitized tuffs can be considered as part o f a fully saturated system
which is im portant to our study because it is here that the contam inants can take aqueous
form and be transported through the groundw ater system.
Thordarson (1965) also sam pled tu ff taken from the U12b tunnel system. The
average interstitial porosity o f the zeolitized tu ff ranged from 27% to 29% whereas the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

11

interstitial perm eability to fresh w ater was 0.2gpd/ft", but with brine the perm eability
dropped to 0.03gpd/ft". The porosity values betw een the two tunnel system s are
com parable but the perm eability values are som ew hat higher possibly due to fracturing
discussed later. The tuffs from the U12b tunnels are only 62% w ater saturated. This is
possibly because the sam ples from the U12b tunnels are closer to the surface than the
U12e sam ples and were thus subjected to relatively more evaporation in the zone o f
aeration (Thordarson, 1965).
M ovem ent o f groundw ater through the zeolitized tuffs is believed to occur
prim arily through open fractures in the rock. This is due to extremely low interstitial
perm eability o f the interstitially saturated tu ff and the abundant w ater in fractures. W hen
com pared w ith the w ater that moves through fractures in the zeolitized tuff, w ater
m ovem ent through interstices is minor. H ow ever, the fracture perm eability (or
transm issivity) is also very sm all, usually less than 0.05 gpm/ft" suggesting transm issivity
o f less than 100 gpd/ft.

Zeolites
Zeolites are best described as hydrous alum inosilicates o f the alkali and alkaline
earth m etals, and can be view ed as hydrated equivalents o f the feldspars. The zeolites
constitute one o f the largest known groups o f m inerals w ith more than 40 natural species
and 100 synthetic species. T hey form a w ell-defined group that are closely related to one
another in composition, conditions o f form ation, and m ode o f occurrence but not in
crystalline structure. They were discovered in 1956 by Axel Fredrick Cronstedt, a
Sw edish mineralogist, who nam ed them for the G reek words meaning “ boiling stone” .
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T his refers to the zeolites unique ability to lose m ost o f their w ater but still retain their
crystalline structure.
M ineralogy and C hem ical C om position
Like quartz and feldspars, zeolites are tectosilicates consisting o f a three
dim ensional fram ew ork o f A lO and SiO tetrahedra linked to each other by sharing
oxygen to form interconnected cages and channels. These openings contain water
m olecules and exchangeable alkali and alkaline earth cations which balance the net
negative charge o f the zeolite fram ew ork structure. Cation exchange and w ater loss can
occur readily because the fram ew ork is held together by strong bonds and is so rigid that
individual crystals w ill retain their shape during exchange because the channels are large
enough (several hundred angstrom s in diam eter) to enable cations and w ater m olecules to
pass freely (Berry et al, 1983; M um pton, 1981; Tschem ich, 1992).
The general form ula for zeolites is
(Li, Na, K)a(Mg, Ca, Sr, Ba)d[Al(a + 2 d)Sin-(a + 2d)02n] • m H iO
W here the part in the brackets represents the fram ew ork atoms and the part in the
parentheses represents the extrafram ew ork o r exchangeable ions. The sym bols a, n, and
d depend on the com position o f the zeolite species and m is usually less than or equal to n
(G ottardi and Galli, 1985).
E nvironm ental Properties
Because o f their cation exchange capacity, reversible dehydration, and open
fram ew ork structures, zeolites m ay act as excellent natural molecular sieves in the
subsurface environm ent, controlling the m igration o f cationic contam inants (Berry et al.
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1983; M umpton, 1981). The feature that is o f most interested for this study is the cation
exchange capacity o f natural zeolites in zeolitized tuffs from the NTS.
The cation exchange capacity o f zeolite minerals was first observed more than a
century ago. The cations balancing the charge o f the zeolite crystalline structure are
loosely bound and can be easily exchanged by another ion. Zeolites are some o f the
m ost effective cation exchangers know n with capacities up to 3 or 4 meq/g, com pared to
clay minerals at about 0.8 to 1.0 meq/g. In practice, the cation exchange equilibria are
dependant on the chem ical properties o f the cation (such as size and charge), tem perature,
concentration o f various cation species in solution, and the structural characteristics o f
the zeolite under study (M umpton, 1981).
Formation
Zeolites are among the most com m on authigenic silicate m inerals recognized in
sedim entary rocks. They are especially abundant in vitric tuffs but may be found in a
wide variety o f marine and nonm arine rock types (Hay, 1966).
Zeolites are formed by the reaction o f pore waters w ith various solid phases or
minerals. Com m on reactants include volcanic glass, x-ray am orphous and poorly
crystalline clay, montm orillinite, plagioclase, nepheline, biogenic silica, and quartz. Both
zeolites and clays can form from the sam e parent material. The reaction product depends
on the physical environm ent and the activities o f dissolved species such as alkali and
alkaline earth cations, fT" and H 4 Si 0 4 . High activities o f Mg""^ and high H^ to Na"^, K"^,
and Ca"^ ratios tend to favor formation o f the clay minerals. The reactions which allow
for zeolite crystallization include reactions o f glass and w ater in a saturated system,
leaching followed by deposition in an unsaturated system, and hydrothermal alteration
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(Hoover, 1968). W hen zeolites are formed the species is highly dependant on the
temperature, activities o f ions, and the activity or partial pressure o f HiO (Hay, 1981).
Zeolites at the NTS
Zeolitized rocks, which cover a large area around the N TS, are present in outcrops
and underlie many o f the volcanic formations and alluvial basins surrounding the N TS.
According to H oover (1968), zeolites form ed at the NTS by leaching and deposition in an
unsaturated zone located ju st above perm eability barriers in altered vitric rocks. In th ese
areas of the subsurface, the formation o f zeolites occurs because o f the saturation state o f
the vitric rocks as w ell as the cationic content o f the groundw ater saturating the rocks.
These barriers include clay minerals located directly above the permeable Paleozoic
carbonate and clastic rocks, the welded tuff aquifer, lava flow aquifer, and other zeolites
w hich were form ed ju st above the perm eability barrier by pore fluids reacting with the
rock matrix (H oover, 1968).

Ions o f Interest
Lead
Lead is a naturally occurring elem ent in the Earth’s crust w ith an average
concentration o f 15mg/kg. Natural m obilization o f Pb in the environm ent occurs m ain ly
by erosion o f Pb containing rocks and gaseous emissions during volcanic activity. T h ese
two sources are believed to release approxim ately 200,00 tons o f Pb into the environm ent
each year. The estim ated natural background Pb concentrations are 0.0005 |ig/m^
(W aldron, 1980).
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Humans have used Pb for at least 4000 years. The ch ief ores o f the mineral
include galena (PbS), cotunnite (PbCL), anglesite (PbS 0 4 ), cerrusite (PbCOs), and
crocoite (PbC r 0

4

). Lead is used prim arily in storage batteries but it has been used in the

past as a pigm ent (“w hite lead” —Pb 3 ( 0 H) 2 (C 0 3 )2 ) and as an antiknocking agent
tetrathyllead ((C 2 H 5 )4 Pb) in gasoline (Chang, 1988).
Lead toxicity to humans has been known for over 200 years. The elem ent has no
known beneficial use in the hum an body and the toxic effects o n anim als (including
humans) are cum ulative. Once inhaled or ingested, Pb will concentrate in the blood
stream, tissues, and bones. Lead poisoning has been known to cause brain dam age and
anemia as w ell as affect the nervous system and kidneys (Chang, 1988).
Lead was also used extensively during the nuclear w eapons testing age o f the
United States. This was due to the m etal’s relatively impenetrable nature to high energy
photon radiation and gamma radiation. It is also used in protective shields for nuclear
chemists, x-ray operators, and radiologists. Because o f its shielding properties, it can be
found throughout m any nuclear w eapons production and testing sites. D uring the testing
o f nuclear devices at the NTS, great amounts o f the element w ere released into the
subsurface environm ent and into the ground w ater systems.
Strontium
Strontium is also a naturally occurring elem ent in the E arth ’s crust with an
average concentration o f 384 ppm. The two prim ary Sr m inerals found in nature are
strontianite (SrC 0

3

) and celestite (SrS 0 4 ). The most common use o f S r is as Sr salts

which are used in fireworks and highw ay w arning flares (Chang, 1988).
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O nly radioactive Sr poses a health risk to. It is chem ically sim ilar to C a and
therefore ^^Sr""^ has the potential to replace the Ca"^ in hum an bones if taken into the
body. This w ould constantly expose the body to |3-radiation w hich can cause chronic
illnesses such as anem ia and leukem ia (Chang, 1988).
The radioactive isotope ^°Sr was also released into the subsurface environm ent at
the N TS. Once in the groundwater and surface water system s, both Pb and S r have the
ability to reach hum ans through the consum ption o f contam inated waters or through the
food chain via fish, cows, and many o th er plants and anim als.
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CHAPTER 3

MATERIALS A N D M ETHODS
Adsorbent C haracterization
In order to determ ine the movement and distribution of Pb(II) and Sr(H) in the
subsurface o f the NTS, it was essential that a detailed physiochemical characterization o f
the zeolitized tuff from Rainier Mesa, NTS was carried out. This characterization
included particle size distribution, major and trace elem ent analysis by x-ray fluorescence
(XRF), estim ation o f surface area to pore volum e, determination o f the cation exchange
capacity (CEC), m orphology by scanning electron microscopy (SEM ), mineralogy by xray diffraction, as well as an analysis o f porosity and density of the ground material. This
study w ill focus only on the characteristics o f the tu ff and their im portance. For a more
thorough discussion on the techniques involved in characterization o f the tuff see Sloop
(1998).
Particle Size Distribution
The particle size distribution is im portant to any study dealing w ith sorption
because fine particles tend to be more reactive than larger particles. T his is because
sm aller particles have higher specific surface areas, area per mass o f sorbent, and
adsorption capacities than coarser particles (Percival and Lindsay, 1997).
Particle size can be described in terms o f distribution by mass, number, or surface
area o f particles o f specific sizes. In work dealing with sorption by a geologic medium, it
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is desirable for all o f the sorbent particles used to have similar p article sizes after the
m aterial is ground up. The particle size distribution for the sm allest size fraction used in
the kinetics experiments was determined by M icrom eritics Inc. by x -ray scattering and
sedim entation analysis. The particle size w as presented in terms o f particle mass,
num ber, and surface area. The medium and m odal distribution o f the tu ff particles is
given in Table 1.

Table 1. Particle size distribution for sm allest size fraction of crushed zeolitzed tuff.
Particle Size Distribution

Particle size

By Mass (Mass population-%)
M edian Distribution

11.84 pm

M odal Distribution

16.87 pm

By Number (number o f particles of a
particular size)
M edian Distribution

0.53 pm

M odal Distribution

0.38 p.m

By Surface Area (amount of reactive
surface available for sorption)
M edian Distribution
M odal Distribution

1.2 2

pm

0.55 pm

The percent o f the total mass vs particle size diameter for the zeolitied tuff is
shown in Figure 2. W hen w orking with fine particles, the particle size distribution usually
obeys a log-normal distribution. Therefore, w hen the particle size is plotted
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Figure 2. Particle size distribution o f the zeolitized tuff.

against the mass population, a skewed particle size distribution should be noticed
(Stockham , 1979). The figure shows that the ground tuff sam ple does follow a log
norm al distribution and appears to show little skew with the m edian value o f

10

p.m.

A nother feature to note is that the mass o f the samples is distributed among the
larger particles in the range while the surface area and num ber o f the ground sam ples is
distributed prim arily am ong the sm aller particles in the particle size range. These features
are important w hen considering which particles are more im portant to the sorption
process, especially w hen modeling sorption as a diffusion process. It is well known that
as the particle size increases, the specific surface area decreases and therefore, the sm aller
particles in any range will control sorption. Therefore, to understand diffusion section it
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is im portant to know the surface to volume mean, also referred to as the Sauter diameter.
The Sauter diam eter describes w hich particles constitute the bulk o f the num ber of the
particles. Since the smaller particles in the size range account for m ost o f the number o f
particles in the same size range o f the tu ff sample, then a number m ust be defined that
describes w hich diam eter constitutes the bulk o f the number o f particles = Sauter
diameter. This can be calculated if the num ber and percentage o f particles o f each particle
size in the particle size range o f the sample is known (Stockham, 1979). The Sauter
diam eter calculated for the sm allest size fraction o f the crushed zeolitized tu ff is 4.1 |im .
M aior and trace elem ents
The elem ental analysis for the zeolitized tu ff can be found in T ables 2 and 3.

Table 2. M ajor elem ent com posidon o f the zeolitized tuff.
M ajor Elements

W eight percent

SiO i

73.7

AI2 O 3

13.7

T iO i

0.19

FeoOs

1.69

CaO

1.44

K2 O

5.43

M nO

0.08

P2 O5

0.005

NaiO

3.44

M gO

0.36
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Table 3. Trace element composition of the zeolitized tuff
Trace element

Parts per million (ppm)

Rb

176.1

Sr

188.7

Y

28.17

Zr

213.0

Nb

2932

Cr

124.3

M ost o f the sample consists o f SiOi and AI 3 O 3 . This is from the Al^"^ and Si"*"^ that
constitute the framework structure of the zeolitized tuff. This com position would indicate
a high cation exchange capacity since the cation exchange capacity o f zeolites is
prim arily a function o f the degree of substitution o f Al^"^ for Si"^^ in the fram ew ork
tetrahedra of the zeolite (M ing and M umpton, 1989).
The trace elem ent study indicates that a fairly high concentration o f Sr (188.7
ppm) is already present w ithin the natural sam ple o f zeolitized tuff recovered from the
NTS. This natural concentration will have to be taken into account w hen conducting Sr
experim ents at low metal concentration because o f pre-equilibration periods described
later. Trace element analysis for Pb was not obtained.
Surface Area and Pore Volum e
The specific surface area of a m aterial describes the am ount o f reactive surface
available for adsorbing solutes per weight o f the material. K nowledge o f the surface area
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enables normalization o f solute sorption d ata to surface area and is also required for
applying electrical double layer models. Surface area determ ination also allows
estim ation of the quantity o f surface functional groups per mass o f the solid, provided
that the density per unit area is known (D avis and Kent, 1990).
The results o f the pore size distributions and surface area are show n in Table 4.

Table 4. Surface area and average pore size o f the zeolitized tuff
BET Surface Area

12.27 m -/g

BJH Adsorption A verage Pore Diameter

193.0 A

BJH Desorption A verage Pore Diameter

254.83 A

A verage Pore Diam eter

238.06 A

A mesoporous material is one in which the pore size diam eter range is 20 to 500 A. These
types o f materials show enhanced adsorption above a relative pressure o f 0.4 because o f
capillary condensation (D avis and Kent, 1990).
Table 4 also shows the average pore diam eters calculated from the adsorption and
desorption branches of the zeolitized tuff. The Table shows that the average pore
diam eter estimated from the adsorption branch is 193.0 A and the average diam eter based
on the desorption branch is 254.83 À w ith an average pore diam eter o f 238.06Â . The
discrepancy between the tw o comes about from the netw ork structure o f the zeolitized
tuff, which is com m on w ith mesoporous m edia (G regg and Sing, 1982).
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Due to the importance o f surface area and the fact that several different size
fractions were used to obtain the sorption characteristics o f Pb and Sr on the zeolitized
tuff, additional estim ates o f the surface area were obtained. T hese additional surface area
estim ates were made on the original ground tuff as well as the larger size fractions used
in the kinetics experim ents. The estim ates for the smaller size fraction was then
com pared to those estim ated by M icrom eritics to make sure the data corresponded
closely to other estim ates. Also, by determ ining the surface area o f different size
particles o f the zeolitized tuff it can be determ ined whether surface area is controlled
prim arily by external surface area o r the internal framework structure o f the zeolites,
w hich constitute about a third o f the total mineral com position o f the zeolitized tuff
(determ ined through XRD and SEM ). If the overall surface area o f the zeolitized tuff is
not dependent on the particle size, then sorption experiments w ould be more widely
applicable to the subsurface environm ent. This scenario is very possible, w ithout even
know ing what the data tell us because zeolites have internal cag e like fram ework
structures and w ould therefore have a large internal surface area.
Particles that were analyzed had diameters o f 0.250-0.500 mm, 0.850-1.18 mm,
and 2.80-4.00 mm for the larger size fractions and a Sauter diam eter o f 4. lp.m for the
sm allest size fraction analyzed by M icrom eritics. Table 5 show s the results o f the surface
area estimations. From these data w e can observe that the original estim ate o f 12.27 m~/g
agrees closely w ith the new estimate o f 12.89m"/g. In addition. Table 5 show s that there
are sm all variations in surface area o f the zeolitized tuff as a function o f the particle size.
The table shows that the largest size fraction does indeed show the sm allest surface area
so the basic trend is that as the particle diam eter decreases, the specific surface area
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Table 5. Specific surface area of the zeolitized tuff as a function of particle size.
Size fraction

Surface area (m"/g)

0.0004-0.200 mm

12.89

0.250-0.500 m m

10.1 2

0.850-1.18 mm

10.63

2.80-4.00 m m

8.13

increases slightly. The rather small am ount o f change between the surface areas for the
different sizes then tells us that the surface area o f the zeolitized tuff is primarily
internal. The sm all variations between the different particle sizes can most likely be
attributed to the non-zeolitic minerals contained within the tu ff as well as the physical
structure o f the solid. Since this is a natural sample, other m ineral phases, such as quartz
and feldspar, that are present with the zeolite would cause a decrease in the surface area
as the particle sizes become larger.
Porositv and Densitv
M any im portant transport and retention processes are influenced strongly by the
com posite properties o f the sorbent m atrix. These are som etim es called bulk soil
properties. Porosity and density are tw o such properties (Jury et al., 1991). The data for
porosity and density o f the 0.0004-0.200 mm size fraction are presented in Table 6 .
Porosity is described as the volume o f void space per total volum e o f material. The more
porous the m aterial, the easier water can flow through and the more contaminants in the
aqueous phase can come into contact w ith the sorbent thus increasing the chance for
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sorption. From the Table 6 we can see that the total porosity of the zeolitized tuff is

Table

6

. Density and porosity o f the zeolitized f i f f
.1 2 %

Porosity

2 0

True Density

2.32 g/cm"^

A pparent (skeletal) D ensity

0.96 g/cm"*

approximately 20%. This porosity agrees with T hordarson’s (1965) approxim ation of
25% for the average interstitial porosity. The true density o f a m aterial is defined as the
mass o f dry soil per volum e o f soil solids w hereas the apparent density is defined as the
mass o f dry soil per volum e o f soil. A relationship betw een the two is show n in equation
1

where
Papp

= p(l-(t>)

(0

W here:
Papp

= apparent (skeletal) density o f the material

p = true density o f the material
(j)

= porosity o f the m aterial

the apparent density

(P a p p )

is a function of the true density (p) and the porosity

density o f the tuff collected from Rainier M esa is also reported in Table

6

((j)).

The

. T he true

density o f the tuff is about 2.32 g/cm^ while the apparent density is 0.96 g/cm^. The true
density varies slightly from that o f pure clinoptilolite (the primary adsorbent w ithin the
zeolitized tuff). The true density o f clinoptilolite varies between 2.1 to 2.29 g/cm^. The
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higher value may com e from other minerals contained w ithin the tu ff such as quartz and
feldspar. These densities are 2.65 g/m^ for quartz and 2.54 to 2.62 g/cm^ for feldspar.
M ineralogv
The mineralogy o f the zeolitized tuff was determ ined by XRD and com plem ented
by SEM morphology. The XRD d ata identify three m ajor m ineral constituents within the
zeolitized tuff. These include the zeolite, clinoptilolite, and two other m ajor constituents
that w ere identified as quartz and a m em ber o f the feldspar group, m ost likely the

rich

alkali-feldspar sanidine. This agrees w ith the work previously reported by Thordarson
(1965) who stated that as well as the zeolites, the tuff he collected from R ainier M esa
also contained quartz, feldspar, and a little biotite and dense lithic fragments.
The SEM gave us the m orphology o f the zeolitized tu ff particles. Inspection o f
the photom icrographs produced images o f primarily anhedral masses w ith few welldefined crystals. These masses were identified as clinoptilolite based on the mineral’s
behavior of forming most com m only as anhedral masses w ith rare crystal faces or edges.
T hese crystal faces and edges com bined with the XRD data indicates that these masses
are clinoptilolite, the prim ary zeolite in the tuff samples from R ainier M esa. However,
clinoptilolite can also form laths and plates displaying a tabular m orphology. In the
photom icrograph, there appears to also be this very same tabular m orphology in a few
defined crystals. This also appears to be the mineral clinoptilolite.
In addition to clinoptilolite w ith anhedral and tabular features seen in the
photom icrographs, other mineral phases can be recognized. O ne m ineral phase forms
short narrow fibers. Another zeolite, mordenite, com m only coexists w ith clinoptilolite
and com m only takes the form o f short fibers. However, this m ineral appears to be
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present in very restricted quantities and is therefore not considered to be a very
significant factor in the sorption o f the m etal ions. Another phase that was recognized is
large angular grains that are either feldspar or quartz. It is necessary to mention how ever
that this technique can only be truly accurate when combined w ith X RD analysis.
Cation Exchange Capacitv
T he cation exchange capacity (C EC ) is a measure o f the readily available
exchangeable cations in a material. T he cation exchange capacity m easurem ent was
perform ed twice and the average o f the two runs was taken as the value for the CEC. The
zeolitized tu ff collected from Rainier M esa has a CEC o f 1,430 m eq/kg. This large
cation exchange capacity for the tuff can be mostly attributed to the substitution o f Al^"^
for Si^"^ w ithin the framework structure o f the zeolitic fraction o f the material. This
substitution w ould give rise to a large negative charge on the fram ew ork o f the zeolite
that w ould be neutralized by the presence o f framework cations.

Experim ental Procedure
T o com pletely understand the sorption processes dictating uptake, experiments
were conducted at different pH values, ionic strength of the background electrolyte (N a),
and cationic concentrations.
Fine T u ff (Sauter diam eter = 4.1 ttm)
A sodium nitrate solution was prepared within a 250 m L W heaton jacketed
celstir. T o this is added a crushed and w eighed zeolitized tuff sam ple. The tuff was then
allowed to equilibrate with the solution for a period of 24 hours to ensure the N a has
sufficient time to equilibrate with the zeolitized tuff samples before the ions o f interest
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are added to the reactor. This will ensure that the observed sorption o f the metal is not in
com petition w ith another metal entering the system at the sam e tim e allowing a more
representative scenario o f the natural system under the NTS. A fter the 24-hour
equilibration period, either PbfN O slior S r(N 0 3 )i was injected into the reactor, m arking
the beginning o f the experiment.
T he desired fractional uptake o f the cations for m odeling purposes is between
40% -90% . The pH (4.5-10.5) was therefore adjusted accordingly w ith HNO 3 or N aO H to
arrive at the desired experimental pH for the slurry. During th e experim ent, the pH w as
monitored using an Orion Model 720A pH m eter equipped w ith a Ross pH electrode.
Any change in the pH o f the system throughout the experim ental tim e frame was adjusted
m anually back to the original value through the addition o f sm all am ounts o f HNO 3 o r
NaNO].
B ecause reaction rates are very dependent on the tem perature o f the system, it was
very im portant to keep the slurry solution w ithin the reactors a t a constant tem perature.
The tem perature was kept at a constant 25°C with a Brinkman RC-20 Lauda C irculator.
A fter the injection of the metal ions into the reactor, sam ples were collected at 1,
10, 20, 30, 40, 50, and 60 minutes as w ell as 5, 10, 25, 50, and 75 hours (times for
individual experiments may vary slightly from this but as a w hole these numbers are the
average). Several experiments needing longer equilibration tim es were sampled after 75
hours depending on the observed sorption rate. Aliquots o f 2 m L were extracted from the
reactor at the aforementioned times using 10 mL polypropylene/polyethylene syringes
equipped w ith a three-way stopcock. A ttached to the stopcock is a 10 cm piece o f T eflon
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tubing to extract the sam ple from the reacto r and a nylon filter w ith a nominal pore size
o f 0 . 0 2 |im ) to rem ove all the suspended solid tu ff particles from the sample.
A fter sam ple extraction and filtration, Pb and Sr concentrations in the sam ples
were m easured w ith a Perkin Elmer 41 lOZl Atomic A bsorption Spectrom eter equipped
w ith a graphite furnace and Zeeman background correction. Fractional uptake o f the
ions, Pb and Sr, by the zeolitized tuffs w ere determined by com paring the ionic
concentrations in the filtrate to the original concentration o f the slurry when the m etal
was first injected (tim e

0

).

C oarse T u ff (0.250 - 4.00 mm)
Several experim ents were also conducted with larger p articles ranging in size
from 250|J.m to 4.0m m . These experim ents were conducted to observe what difference
size w ould have on the uptake of the cations. The uptake o f the ions was expected to be
slightly different because as the grain size increases, the diffusion path will increase and
the relative abundance o f external sites w ill decrease. Experim ental procedures for the
larger size fractions m atch those o f the sm all size fraction w ith som e exceptions.
Due to the brittle nature o f the zeolitized tuff particles, the larger clasts did not
retain their uniform size when placed in the jacketed reactors. Therefore, experim ents
were carried out in 250-m L Nalgene centrifuge tubes which w ere rotated end to end
m echanically. This greatly cut down on the abrasion o f the particles. The tem perature
was kept constant at 25°C through the use o f a w ater bath.
Sam ple extraction methods and initial extraction tim es rem ain the sam e but due to
the slow er sorption on the larger particles, equilibration tim es w ere slow er and extraction
tim es exceeded 500 hours. Pre-equilibration times also lengthened to one week. A lso,
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instead of filtering a 2-m L aliquot, a sam ple o f only 0.5-m L was taken so that the liquid
to solid ratio w ould not change by more than 3%. This was because the tuff sam ples were
harder to extract as the particle becam e larger and they were not contained within a well
stirred reactor making even distribution unlikely. Therefore, the solid was not extracted
w ith the liquid aliquot in the sam pling phase changing the solid to liquid ratio by 3 to 4%.
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CHAPTER 4

SORPTION O F LEAD AND STRO N TIU M
Sorption behavior of Strontium
Fine T uff (Sauter diam eter = 4 . 1 fim)
Experim ents investigating the sorption of Sr were conducted at ionic strengths
(background electrolyte concentrations) o f O.IM and 0.0 IM NaNO]. These
concentrations o f the background electrolyte Na were chosen since because Sloop ( 1998)
demonstrated that at l.OM N aNO ] or higher, Sr shows no sorption, and at 0 .0 IM NaNOj
and lower, there is 100% sorption o f Sr. The general trend for the sorption o f S r at
different ionic strengths is that the fractional uptake o f Sr by the zeolitized tuff increases
with decreasing ionic strength o f NaNOg. The behavior o f Sr as a function o f ionic
strength is shown in Figure 3.
At a concentration o f 0.1 M NaNO], the final equilibrium uptake of Sr is
approximately 58% as com pared to approximately 92% sorption at the lower ionic
strength, 0.0 IM N aNO ]. It should also be noted that the sorption o f Sr at the low er
background electrolyte concentrations is faster than that for the higher concentrations. At
0 .0 IM NaNO], the equilibrium point is reached in approxim ately 25 hours. H ow ever, at
the higher ionic strength, O.IM NaNOs, the time to reach equilibrium is almost 100 hours.
This behavior can be explained by the competition of Sr w ith Na. At the higher ionic
strength, there is m ore Na in the system to compete with the Sr for sorption sites.
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Therefore, Sr cannot bind to sites because there are too many Na ions in solution
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Figure 3. Sorption o f 1.0 x lO'^M Sr(II) as a function o f the concentration o f the
background electrolyte, NaNO].

com peting for the same sites on the zeolitized tuff. So fractional uptake is not only lower,
but sorption also occurs at a slow er rate.
Cations can bind w ith a solid material as either inner-sphere or outer-sphere
com plexes (Stum m and M organ, 1996). The com plex form ed depends on w hether a
cation o f opposite charge than the sorbent approaches the surface groups to a critical
distance (outer-sphere com plex) or w hether a chem ical bond between the m etal and an
oxygen (electron donor) is form ed (inner-sphere com plex). Although m acroscopic w ork
alone cannot distinguish betw een the two complexes, b y assessing the effect o f ionic
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strength on the sorption, the com plex may possibly be recognized. Inner-sphere
coordination com plexes are not dependant on the ionic strength o f the solution because
these com plexes occur as a result o f bonding a com plex to surface oxygens through the
loss o f the hydration sphere. O uter-sphere complexes on the other hand are dependent on
the ionic strength o f the system because the bonds form ed are long range coulom bic or
hydrogen bonds. T he dependence o f S r sorption on the concentration o f NaNGs suggests
that Sr is form ing outer-sphere absorption complexes. A t 0.0 IM NaNOs, Sr exhibits
100% sorption. H ow ever, above O .IM NaNOg, Sr show s no sorption (Sloop, 1998).
Therefore Sr cannot compete w ith N a for binding sites at higher ionic strengths and the
fractional uptake decreases to 0% . This is an indication that Sr is forming outer-sphere
complexes w ith the zeolitized tu ff particles which is also consistent with the theory o f
cation exchange.
A nother geochem ical param eter studied in the kinetics experiments was the effect
o f metal (Sr) concentration on fractional uptake (Figure 4). One would expect that the
fractional uptake o f S r by the zeolitized tuff would increase with decreasing metal
concentration. This type of behavior w ould occur because as the total am ount o f S r in
solution is decreased, then the am ount o f cations available to bind to sorption sites
decreases and therefore more binding sites should be available to Sr cations in solution
and a larger percentage of the Sr cations should sorb. H ow ever, with Sr, this behavior
was not observed.
At the higher ionic strength o f 0. IM NaNO], sorption at I.OXIO'^M Sr is low er
than that o f the I.OXIO'^M Sr. A lthough it takes approxim ately the same tim e ( 100
hours) for both ionic strengths to reach equilibrium, instantaneous uptake (at
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m inute) at
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0 .0 IM NaNOs for the two concentrations is approximately 2% for the I.OxIO^M
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Figure 4. Sorption o f Sr as a function o f the metal concentration.

and —37% for the l.OxlO’^M. These results occurring at l.OxlO'^M Sr indicates that there
is actually more S r in solution then what was originally added at the beginning o f the
experim ent. This occurs because o f the pre-equilibration process described in the
methods section. The zeolites are equilibrated with the NaNOs solution for 24 hours
before the start o f any experiment. D uring this time, Sr ions held within the zeolites are
released into solution because o f cation exchange betw een the Sr naturally occurring in
the zeolite and the N a ions. Experimentation has show n that approximately l.OxlO'^M Sr
is released from 3.0 g/L of zeohtized tu ff during this pre-equilibration time. This
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l.OxlO'^M Sr is in equilibrium with the zeolited tu ff at the beginning of the experim ent
w hen the slurry is spiked w ith another 1.0 x lO'^M Sr. This additional Sr throws the
system out o f equilibrium and sorption begins again. A pproxim ately 5 hours into the
experim ent, this Sr that was de-sorbed from the zeolitized tu ff is re-sorbed into the
zeolite and sorption of the l.OxlO'^M S r that was added at the start o f the experim ent
finally begins. This initial desorption also causes the final uptake to be switched so that
at 1.0xl0~^M, final uptake after 100 hours is approximately 58% w hile l.OxlO'^M Sr
show s only

2 2

%.

A t the lower background electrolyte concentration (0 .0 IM N aN 0 3 ), the behavior
o f Sr is also unexpected. Here, how ever, sorption o f Sr at both m etal concentrations is
approxim ately the same. Both the l.OxlO'^M Sr and the l.OxlO'^M S r show an initial
uptake o f approximately 21% and a final uptake averaging approxim ately 90%.
The last geochemical param eter to be studied in the kinetics experiments was the
effect o f pH on the fractional uptake o f Sr by the zeolitized tuff. Figure 5 illustrates the
kinetic behavior of Sr at different pH values. As can be noted from the figure, w ith m inor
variation, possibly due to experim ental uncertainty, Sr exhibits a pH independent
behavior. This type of sorption behavior may indicate that sorption o f Sr occurs on the
internal pH-independent perm anent charge sites rather than pH -dependant am photeric
sites. Sloop (1998) has shown that in the natural ground w ater at the NTS, Sr does not
hydrolyze easily and Sr"'*' rem ains the dominant species in solution in solution well past
pH 11. Therefore, Sr does not hydrolyze extensively and thus there are no Sr precipitates
form ed at the external sites o f the zeohtized tuff.
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Figure 5. Sorption of Sr as a function o f m etal concentration and pH

Sorption to internal sites can further be illustrated when both ionic strength and
pH are considered at the same tim e. Because Sr cannot compete with the higher
concentrations o f the background electrolyte, and the sorption behavior is pH
independent. This indicates Sr is binding at the internal cation exchange sites o f the
zeolitized tuff. As shown by Sloop (1998), there is insignificant sorption at l.OM NaNOs
or greater. The fractional uptake o f Sr then increases as background electrolyte
concentration decreases. This is a good indication that at higher concentrations o f
N aN O ], S r is being com pletely excluded from sorption w ith the zeolite. T h is exclusion
com bined w ith the pH independent behavior show that sorption o f Sr is m o st likely
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occurring because of cation exchange at internal cation exchange sites rather than on
am photeric sites which are pH-dependent.
C oarse T u ff 10.250 - 4.00 mm)
To study the effect o f particle size on the fractional uptake o f Sr, several
experim ents were conducted using larger size clasts. Since the sorption behavior at
differing geochem ical param eters was thoroughly explored with the sm aller size fraction,
a more lim ited set of parameters was investigated to see the effects o f larger size fractions
on fractional uptake and rates o f sorption.
W hen the size of the particle used in the experim ents is increased, several
characteristics o f the particle also change. The first is the diam eter o f the particle. This
w ill effect the external surface area and therefore, the am ount of external sorption sites.
As the particle size increases, the specific surface area decreases as presum ably does the
am ount o f external surface sites. Also, the ratio o f the external to internal surface area
decreases because there w ould presumably be m ore and more internal sites as the particle
size increases. Therefore if sorption is dependent on am photeric surface sites, sorption
w ould be greatly decreased in larger particles. A nother characteristic that changes is
diffusion path length. As the particle size increases, the path length for the ions to travel
also increases and uptake should therefore be slow er. Also, since the num ber o f internal
cation-exchange sites should rem ain relatively the sam e w ith changing particle size, it is
expected that even though sorption may take longer, final equilibrium sorption should
rem ain the sam e for those ions that bind only to the internal sorption sites. This is
assum ing that specific surface area is remaining relatively constant with increasing
particle size.
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Figure

6

shows the results o f the kinetics experiments conducted w ith the larger

size particles o f the zeolitized tuff. Initial sorption, uptake at the equilibrium point, and
tim e to reach equilibrium can all be found in Table 7. Figure

6

and T able 7 illustrate that

as the particle size increases, the time it takes to reach equilibrium also increases, as was
expected because as discussed above, the path length o f diffusion has increased. This is
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Figure 6 . Sorption o f 1.0 x IC^M Sr in O.IM N aN 0 3 as a function o f particle size

expected because ions m ust travel longer distances to find suitable internal cation
exchange sites. Also, the sorption m echanism indicated here also correlates with that of
the smaller size fraction. Since the percent sorption at the final equilibrium point for the
different size fractions rem ains about the sam e even though external surface area is
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Table 7. Uptake o f l.OxlO’^M Sr by all size fractions o f 3.0 g/L Z eolitized tuff in the
presence o f O .IM NaNO].
E quilibrium Uptake

0.0004-0.200 m m

Instantaneous
Uptake ( 1 minute)
2 %

55%

Tim e to Reach
Equilibrium
75 hours

0.250-0.500 m m

5%

56%

150 hours

0.850 mm-1.18 m m

3%

54%

300 hours

2.8 - 4.0 mm

0

35% - at 520 hours

> 520 hours

Size Fraction

%

decreasing, it appears that sorption of Sr is not controlled by the external amphoteric sites
but rather is dependant on cation exchange at the internal cation-exchange sites.

Sorption B ehavior o f Lead
Fine T uff (Sauter diam eter = 4.1um )
The batch kinetics experiments w ere conducted with Pb using background
electrolyte concentration o f l.OM and O.IM N aN O s. Sloop (1998) has shown that at a
concentration o f 0 .0 IM NaNOs, Pb will show 100% sorption and o v er l.OM NaNO] there
is little marked difference in the fractional uptake o f the Pb ion. As w ith the Sr sam ples.
Figure 7 shows that the sorption o f Pb at l.OM and 0. IM NaNOs is dependent on the
ionic strength o f the background electrolyte used in the experim ents. As expected, the
fractional uptake o f Pb is higher at lower electrolyte concentrations and decreases with
increasing N a concentrations.
Figure 7 also shows the effects that different Pb concentrations have on the
sorption of the ion at differing ionic strengths. T he overall pattern observed is that as the
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concentration o f Pb is decreases, the fractional uptake is increased. A t 1.0 M NaNOg,
the irtitial uptake o f the Pb is approxim ately 24% at I.OxIO“*M and 41% at I.OXIO'^M.
The final uptake at equilibrium is also concurrent with this as the fractional uptake o f Pb
at l.O xlC^M is only 36-40% w hile at equilibrium the uptake o f l.OxlO'^M Pb is up to
73% .
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Figure 7. Sorption o f Pb as a function o f ionic strength and metal concentration.

This type of behavior occurs because as the total amount o f Pb ions in solution decreases,
m ore binding sites will be available for the Pb ions in solution.
It is also interesting to note that the initial uptake of Pb at 1.0 m inute is very fast,
particularly for the low er background electrolyte concentrations. At l.OM NaNOs, the
initial fractional uptake is 24-42% and at O.IM NaNOs, the initial fractional uptake o f Pb
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is 67-89%. It is also notew orthy that m ost of the fractional uptake o f the Pb ions by the
zeolitized tuff occurs within the first hour of the experim ent. Sorption through diffusion
controlled cation exchange is a slow process that cannot alone account for this fast
sorption behavior that is observed in Pb. This behavior suggests that sorption o f Pb may
be controlled by the external surface sorption sites since they are readily available at the
beginning o f the experim ent. This point was further show n by Sloop (1998) who pointed
out that there did not appear to be any significant change in the fractional uptake o f Pb at
background electrolyte concentrations higher than l.OM N aN O ]. He interpreted this as
the concentration o f N a being large enough to exclude Pb from the internal cation
exchange sites o f the zeolitized tu ff and that only outer am photeric surface sites were
available for sorption.
Looking at Figure 7, w e can note that at the low er concentration o f background
electrolyte, the equilibrium fractional uptake is the same for both l.OxlO’^M and
l.OxlO'^M Pb. Looking at the figure, the only m arked difference that can be observed at
O.IM N aN 03 is that sorption o f 1.0xl0~*M Pb is slower then sorption o f l.OxlO'^M Pb.
Although the final equilibrium concentration for both is approxim ately 96% , at
l.OxlO'^M, initial uptake is only 67% and apparent equilibrium requires about 5 hours
whereas at 1.0x10'^M Pb, initial sorption is approximately 89% and apparent equilibrium
is reached within one hour. Even though fractional uptake is the same, at l.OxlO'^M there
are fewer Pb ions in solution and therefore finding binding sites is relatively easy. At a
Pb concentration o f l.OxlO'^M, it takes more time for the Pb ions rem aining in solution to
migrate to suitable binding areas.
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The final param eter investigated for the sorption o f Pb on the zeolitized tuffs
collected from R ainier M esa was the effect o f pH on the sorption o f Pb ions from
solution. These results will be described in two parts because, unlike Sr, Pb show s both a
pH independent and pH dependent sorption behaviors depending on the ionic strength on
the background electrolyte.
Figure

8

shows that at a NaNOs concentration o f l.OM, the fractional uptake o f Pb

is very dependent on the pH o f the system. As w e can see from Table 8 , as the p H o f the
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Figure

8

. Sorption o f 1.0 x 10"*M Pb at a background electrolyte concentration o f l.OM
NaNOs as a function of pH.

system increases, the fractional uptake o f the Pb ion also increases. This pH dependent
behavior may suggest that Pb simply cannot com pete w ith N a for the internal cation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43

Table 8 . Initial sorption at 1.0 m inute and equilibrium sorption data as a function o f pH
for 1.0 X lO^M Pb at an ionic strength o f l.OM N aN O ].
pH value

Equilibrium U ptake

4.50

Instantaneous Uptake
( 1 m inute)
4%

2 0

6.79

24%

38%

8.05

51%

91%

9.63

95%

99.5%

%

exchange areas and m ust therefore seek other means o f sorbing onto the zeo litized tu ff
samples. These sorption processes m ay include the form ation o f surface precipitates or
sorption onto external am photeric sites through ligand exchange w ith hydrogen at surface
hydroxl groups, w hich are both pH dependent m echanism s o f sorption. H ow ever, there is
no way to distinguish betw een these two processes by the m acroscopic kinetics
experim ents. A ll that can be proven here is that sorption is m ost likely controlled by a
surface processes, such as sorption to external sites and surface precipitation, rath er than
an internal cation exchange process.
At the low er ionic strength o f 0. IM NaNOs, there is a m arkedly different sorption
behavior than that observed for the l.OM NaNO;. Figure 9 show s that at the low er
background electrolyte concentration, the final equilibrium sorption is pH independent.
However, having said this, it is im portant to note that the rate o f sorption to the
equilibrium point is pH dependent. The final equilibrium position for sorption at 0. IM
NaNO] and l.OxlO'^M Pb is approxim ately 96%. The initial uptake between the pH
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Figure 9. Sorption o f 1.0 x 10~*M Pb at O.IM NaNOs as a function o f pH.

values differ at 56%, 67% , and 75% for pH 4.31, 7.00, and 9.00 respectively. From the
figure we can see that as the pH increases, the rate o f uptake also seem s to increase. This
pH dependent/independent behavior of Pb may be indicative o f a com bined cation
exchange and surface process. Since it was noted that the final equilibrium position is the
sam e at all pH values, this seem s to be indicating som e kind o f pH independent behavior
such as diffusion and subsequent cation exchange. However, the pH dependence of the
sorption rates com bined w ith extremely fast initial uptake rates as well as ionic strength
data suggests that at l.OM NaNOa and greater, Pb ions are kept out o f internal exchange
sites. This seems to point to surface precipitation o r sorption to surface am photeric sites.
Therefore it may be possible that the sorption o f Pb on the zeolitized tuffs at 0. IM
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NaNOs is a com bination o f processes including cation exchange, surface precipitation,
and sorption to external amphoteric surface sites.
Coarse Tuff (0.250 - 4.00 mm)
As w ith Sr, several experiments were conducted using larger size fractions to
investigate how the sorption o f Pb changes with different size particles. Once again, since
the smaller size fraction was thoroughly investigated, experim ents with larger sizes w ere
conducted w ith only O .IM NaNOs and i.OxlO'^M Pb. These parameters were chosen
because we w ere attem pting to investigate the diffusional process rather than the
dominantly external site sorption exhibited with the sm aller size fraction.
As can be seen from Figure 10, the larger size particles show a markedly different
sorption pattern than that o f the original sm aller size fraction discussed earlier. All the
pertinent data are sum m arized in Table 9 below. One o f the first points to notice about
the data and figure is that the approach to equilibrium looks very different. Where the
sm aller size fractions showed a very fast initial uptake and m ost sorption occurred w ithin
the first hour, the larger sizes show a much slower, more gradual uptake to equilibrium .
After approxim ately 125 hours, all the larger sizes have reached equilibrium . For the
larger particles, though the final fractional uptake is still relatively high, the initial
concentration o f Pb sorbed at the start of the experim ent has significantly decreased. T he
slow er fractional uptake and low er initial sorption may indicate that Pb must bind to other
sorption sites besides those easily accessible on the external surface o f the zeolitized tuff.
This behavior w ould be due to the decreasing external surface area o f the zeolitized tu ff
and thus decreasing num ber o f surface sites. The behavior o f Pb w ith the larger size
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fractions show s this nicely. Figure 10 and Table 9 illustrate that as particle size
increases, sorption decreases and sorption time increases.
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Figure 10. Sorption o f 1.0 x lO'^M Pb at O.IM NaNOs and a pH o f 6.78 as a function o f
particle size.

Table 9. Sorption o f 1.0 x lO'^M Pb at O.IM NaNOs and pH 6.78 as
a function o f particle size.
Size

Initial Uptake

Equilibrium Uptake

Tim e to equilibrate

0.0004-0.200m m

89%

98%

1 hour

0.250-0.500m m

38%

96%

100 hours

0.850-1.18mm

27%

90%

125 hours

2.00-4.00m m

16%

79%

125 hours
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Another point to note is that the larger the particle, the low er the final fractional
uptake. From the surface area analysis o f the different particle sizes, it was show n that the
specific surface area for the particles did not change that much with increasing particle
size. Since much o f this surface area w as assum ed to be internal due to the cage-like
structure of the zeolite fram ew ork, the total num ber of sites is believed to rem ain fairly
constant with increasing particle size. A s show n for Sr, if the sorption process was
purely diffusion and subsequent cation exchange, the final equilibrium position for all
particle sizes should rem ain relatively sim ilar if the total num ber o f sites remains
constant. However, w ith Pb sorption, this behavior is not observed. Instead, fractional
uptake decreases w ith increasing particle size, possibly reflecting a com bination o f
diffusion and surface precipitation o r possibly a size exclusion effect. The decrease
observed for larger particle sizes may be caused by a decrease in surface area o f the
larger size particles. This combined w ith longer diffusion lengths provides for slow er
sorption and decreased fractional uptake the larger the particle size.

Com parison o f Pb and Sr sorption
Fine T uff (Sauter diam eter = 4.1timl
The data describing fractional uptake o f Pb and Sr sorption by the zeolitized tuffs
collected from Rainier M esa at the NTS show that the sorption behavior o f the two metal
ions is very different. Figures 11 and 12 display the response o f the tw o ions to changes
in ionic strength o f NaNO s and concentration o f Pb and Sr. The results show that Pb is
able to sorb on the zeolitized tuff at higher ionic strengths than Sr. This shows that Pb has
a greater affinity for the zeolitized tu ff than Sr does. Figures 10 and 11 illustrate that at
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Figure 11. Sorption o f S r as a function o f ionic strength and metal concentration.

O.IM NaNO] both ions are able to sorb; however, Pb still exhibits a higher instantaneous
sorption and slightly higher fractional uptake than Sr. Once again this can be explained
by Pb binding to readily available surface am photeric sites rather than the internal cation
exchange sites.
A nother m arked difference betw een the two cations is that Pb exhibits a faster
rate o f approach to equilibrium than Sr. This is especially evident during the first hour
w here Pb is almost at equilibrium and S r reaches equilibrium only after 24 hours. Lead
also shows a very high initial fractional uptake o f 24%-89% com pared to S r that only
show s at most 20% sorption within the first m inute o f the experiment. These differences
in the uptake rates m ay occur because Pb binds prim arily to the surface o f the
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Figure 12. Sorption o f Pb as a function o f ionic strength and m etal concentration.

zeolitized tuff particles by either surface precipitation or by binding to external
amphoteric surface sites to form surface complexes. These sites are readily available and
sorption can occur w ithin a few seconds. Alternatively, S r appears to bind prim arily
through diffusion controlled internal cation exchange, w hich is a m uch slow er process,
resulting in longer equilibration times.
The other difference exhibited by Pb and Sr is pH dependence o f Pb. Strontium
show s a pH independent behavior for final equilibrium uptake and the time to reach those
sam e equilibrium points. However, at l.OM NaNOg, Pb sorption is extrem ely dependant
upon the pH o f the system show ing different sorption rates as w ell as different
equilibrium positions. A t O.IM NaNOg, even though the final fractional uptake is the
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sam e regardless o f the pH , the time to reach that point is slightly slower as pH decreases.
This behavior illustrates that Sr is exchanged w ith N a in the internal cation exchange sites
w hich are pH independent and that Pb sorbs on the external surface sites or form s surface
precipitates, and little diffusion and cation exchange occurs.
A lthough there are m any differences betw een the two cations, they also share
som e com m on characteristics. One such sim ilarity is that even though Pb sorbs at higher
background electrolyte concentrations, the fractional uptake o f both ions increases as the
ionic strength o f the solution decreases. Once again, this is because there are few er N a
ions in solution at the low er electrolyte concentrations com peting for sorption sites.
A nother sim ilarity is evident at the two low est ionic strengths, O.IM for Pb and
0.0 IM for Sr. The sorption o f the cations at equilibrium appears to be pH independent
and also independent o f the m etal concentration. H ow ever, at the higher ionic strength,
l.OM for Pb and O.IM fo r Sr, the sorption o f the two m etal cations is dependent on the
m etal concentration, Pb sorption is pH dependent w hereas Sr sorption is pH independent.
C oarse T u ff (0.250 - 4.00 mm)
Experim ents exam ining sorption o f Pb(II) and Sr(II) on the larger size particles
show once again that S r sorbs much slower than Pb. F or the 0.250-0.500 mm size
fraction, equilibrium requires 125 hours for Sr and 100 hours for Pb. However the
difference in tim e required to reach equilibrium becom es greater as particle size
increases. For the largest particle size, 2.8-4.0 m m , equilibrium for Pb is reached in
approxim ately 125 hours w hile equilibrium for Sr has still not been reached after 520
hours. Increased equilibration times are required for larger particle sizes because Pb is
forced to diffuse into the zeolitized tuff because there are few er surface sites. H ow ever,
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the primary' sorption process for Pb may still be surface controlled which is why Pb still
binds to the zeolitized tu ff much faster than Sr. Alternatively, Sr must travel longer
diffusion path lengths so that sorption takes longer.
Another observation is that even though the particle size has increased, the final
equilibrium point reached for Sr is still relatively the sam e for all particle sizes whereas a
slight decrease in equilibrium uptake is indicated for Pb as the particle size increases. A
possible explanation is that since Pb is dependent on surface sorption or surface
precipitation, the relative decrease in the external surface area may cause a slight
decrease in the fractional uptake. There was a slight decrease in the surface area o f the
particles as the particle size increased (see surface area section). Since much o f the
surface in zeolites is internal, it was assumed that m ost o f this decrease in sorption was
due to loss of external surface area. Therefore as the particle size gets larger, external
surface area decreases, thus decreasing the fractional uptake.

Sorption Isotherm Param eter Estimation
After the kinetics experim ents were completed, the equilibrium data obtained
from them were used to derive the Freundlich and linear isotherm parameters. These
param eters are useful especially when making predictions on the mobility o f
contam inants in groundw ater system s. For this reason, they are commonly used in
transport codes to m odel the m ovem ent and extent o f transport o f hazardous materials in
groundw ater system s.
The Freundlich isotherm has been used extensively to describe the sorption o f
solutes by soils (Travis and Etnier, 1981). The Freundlich isotherm is very convenient
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for plotting sorption data on a plot o f sorbed concentration versus equilibrium
concentration. This plot o f the amount sorbed versus the equilibrium concentration is also
know n as the Freundlich isotherm (equation 2).

S = KfC‘^"

(2)

W here:
S = the mass o f the adsorbate sorbed per mass o f adsorbent (g/g)
C = the equilibrium concentration o f the adsorbate in solution (g/m^)
1/n = measure o f nonlinearity (-)
Kf = Freundlich constant (g/g)/(g/m^)‘^"
Travis and Etnier (1981) point out, however, that the flexibility o f the two constants in
the Freundlich isotherm equation allows easy curve fitting but if the data are extrapolated
beyond the experimental data points the isotherm will not be accurate.
If the measure of nonlinearity (Freundlich exponent) ( 1/n) is not equal to 1.0, the
sorption data must be plotted on a log-log scale. This holds for m any trace elem ents that
com e into contact with geologic media. In this case the data would plot on a straight line
w ith the sorption data being described by equation 3
log S = log K f+ l/n log C

(3)

W here:
Log Kf = the intercept of the isotherm with the y-axis
1/n = the slope o f the isotherm
And by plotting log S and log C on a log-log scale, Kf and 1/n can be obtained.
If the 1/n value equals 1.0, data fitted by the linear isotherm can be used to
calculate distribution coefficients that can be considered mathem atically valid. The linear
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isotherm is the sim plest and most w idely used equilibrium isotherm . W hen using the
linear isotherm (equation 4).
S = KdC

(4)

W here:
S = the am ount o f solute sorbed onto the solid (g/g)
C = equilibrium concentration o f solute rem aining in solution (g/m^)
K(j = m easure o f the retention of the solute (distribution coefficient) (m^/g)
it is assum ed that the concentration o f the solute remaining in solution and the am ount o f
solute sorbed onto the solid are related b y a linear relationship. T his linear isotherm is
representative w hen the attraction o f the contam inant for the sorbing m edia rem ains
constant for all levels o f solute concentrations rem aining in solution (Stum m and
M organ, 1996).
Strontium Sorption Isotherm Parameters
The fractional uptake o f the Sr cation by the zeolitized tu ff was used to derive the
linear and Freundlich isotherm parameters. The isotherms were determ ined for 0. IM and
0.0 IM NaNOs using two points from the data at 1.0 x lO'^M and 1.0 x lO'^M Sr
concentration. The isotherms were constructed for pH values o f 4.0, 6.0, 8.0, and 10.0.
T he Freundlich isotherm parameters calculated for Sr sorption at a background
electrolyte concentration are displayed in Table 10 as are the sam e param eters calculated
by Sloop (1998) in his equilibrium studies o f the sam e material. T his table sum m arizes
the fitting o f the data by the logarithmic form o f the Freundlich isotherm . T he isotherm
param eters presented are similar show ing once again the pH independent sorption
behavior o f the Sr ion. Also, the data indicate that the 1/n term is ju s t slightly over
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T able 10. C om parison of the Freundlich isotherm param eters derived from equilibrium
and kinetics studies o f S r as a function o f pH at O.IM N aN O ].
pH

l/n - kinetic
(-)

K rkinetic
(g/gyCg/m:»)''"

K requil.
(g/g)/(.g/m^)‘^"

1/n —equil.
C-)

4 .0 0

3 .2 2 x 1 0 ^

1 .2 0 4

1 .8 9 X 1 0 ^

0 .9 6 7

6.00

3.37X 10"^

1 .0 7 6

1 .8 9 X 1 0 “"

0 .9 6 7

8.00

3 . 0 3 X 1 0 “"

1 .1 2 1

1 .8 9 X 10“"

0 .9 6 7

10.00

3 .0 3 X 1 0 “"

1 .1 2 1

N ot calculated

Not calculated

1.0 and an average Kf value o f 3.16 x 10"^ m^/g. The distribution coefficient for the linear
isotherm may also be m athem atically valid since the 1/n value is close to one.
The fractional uptake o f the Sr ion was also fitted to the linear isotherm and can
be found in Table 11.

Table 11. Com parison of the linear isotherm param eter BQ from the equilibrium and
PH

K<i —kinetic (m'^/g)

fCi - equilibrium (m""/g)

4.0

4.28

X

10“"

1.92

X

10“"

6.0

3.78

X

10“"

1.92

X

10“"

8.0

3.63

X

10“"

1.92

X

10“"

10.0

3.63

X

10“"

Not calculated.

T he K<i param eter estimation w as derived from a least squares fit o f the experim ental
data. O ne o f the assumptions o f the model states that the isotherm m ust be forced through
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zero. Once again the isotherm param eters are very sim ilar due to the p H independent
sorption behavior of the Sr ion. The data about the linear isotherm show an average
distribution coefficient of 3.83 x 10“" mVg. These param eters defined by the isotherms
from the kinetic data agree closely w ith the equilibrium partitioning w ork conducted by
Sloop (1998).
Isotherm parameters w ere also derived for sorption o f Sr(H) at 0 .0 IM NaNOg.

Table 12. Comparison o f Freundlich isotherm parameters from equilibrium and
kinetics studies o f S r as a function o f pH at 0.0 IM NaNO].
pH

Kf - kinetic
(g/s)/(g/m^)'^"

1/n -kinetic
(-)

Kf - equil.
(g/g)/(.g/m")‘''"
10 "

1/n - equil.
(-)

4 .0

3 . 7 5 X 10'-"

1 .1 2

2 .4 5 X

0 .6 7 2

6 .0

3 .7 5 X

10 "

1 .1 2

2 .4 5 X 10 "

0 .6 7 2

8 .0

3 .7 5 X

10 "

1 .1 2

2 .4 5 X

10 "

0 .6 7 2

1 0 .0

3 .7 5 X

10 "

1 .1 2

N ot calculated

N ot calculated

O nce again, from Table 12, it is expected to see a pH independent behavior for the Sr ion.
Once again we see that the tw o methods o f determining sorption param eters give
relatively sim ilar Kf values; how ever, the slope o f the isotherm between the two methods
is very dissimilar. This may be due to the fact that Sloop had many more d ata points in
his study for the fitting o f the isotherms which may better define the curve.
An interesting feature to note is that the Kf value for the 0 .0 IM NaNOa is a
m agnitude higher than that fo r O.IM NaNO]. The larger Kf value for the low er
background electrolyte concentration indicates that at low er N a concentrations, Sr has a
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greater affinity for the zeolitized tu ff because there are fewer Na ions in solution to
com pete for the internal cation exchange sites.
The BQi values for the linear isotherm were also derived from the kinetic sorption
data. The calculated isotherm param eters are shown in Table 13. Note that the calculated
Kf and Kj values are very similar. The calculated nonlinear Kf value was 3.75 x 10’"
m"/g, and the calculated linear BQi value is 3.64 x 10’" m"/g. Also note that once again the
equilibrium data and the kinetic data are in relatively close agreement w ith one another.

Table 13. Comparison o f linear isotherm param eters from equilibrium and kinetics
studies o f Sr as a function o f pH at 0.0 IM NaNO].
PH

Kd - kinetic (m 7g)

Kd - equilibrium (m"/g)

4.0

3.64

X

10'"

2.50

X

10 "

6.0

3.64

X

10 "

2.50

X

10 "

8.0

3.64

X

10’"

2.50

X

10'"

10.0

3.64

X

10’"

Not calculated

Lead Sorption Isotherm Parameters
The data collected from the kinetics experim ents were also used to estim ate the
Freundlich and linear sorption isotherm param eters for Pb. These param eters w ere
estim ated at pH values o f 4, 6, 7, 8, and 9. The values were interpolated using a
com bination o f the kinetic data as well as the equilibrium data presented by Sloop (1998).
From the experimental data it was possible to calculate partitioning coefficients for l.OM
and 0. IM NaNOs.
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T he Freundlich isotherm parameters, Kf and l/n, for the Pb cation at l.OM
N aN O ] are shown in T able 14. N ote that the l/n term deviates considerably from one.
The calculated K fand 1/n param eters can then be used as an indication o f the sorption
capacity o f the adsorbent. T he calculated Kf values range from 2.65 x 10“" to 1.94 x 10'“
(g/g)/(g/m ")l/n. The data show that as the pH o f the system increases, the Kf parameter
increases. This indicates that as the pH o f the system increases, the fractional uptake o f
the Pb ions by the zeolitized tu ff also increases because the Pb ions have a greater affinity
for the sorbent at higher pH values o r precipitation is occuring.

T able 14. Comparison o f Freundlich isotherm param eters from equilibrium and
pH

Kf - kinetic

1/n - kinetic

K f - equil.

1/n - equil.

4.0

2.65

X

10“"

0.588

1.29

X

10“"

0.800

6.0

3.23

X

10“"

0.520

3.52

X

10“"

0.899

7.0

4.91

X

10“"

0.686

8.25

X

10“"

0.616

8.0

4.12

X

10 "

0.835

2.0

9.0

1.94

X

10'"

1.185

4.37

X

10 "
X

10 "

0.699
0.705

The differences seen betw een the kinetic and equilibrium values are due to several
factors. The first is that since Pb is pH dependent, the data needed to estim ate the Kfand
1/n value may not be as precise for the kinetic data. This is due to the w ays in which
interpolation was instrum ented. F or Sloop’s (1998) data, a curve could be drawn through
sorption data when percent sorption was plotted against pH. Therefore, a m uch more
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precise estimate o f final sorption could be made. The kinetics data are not as easily fixed
and it took a com bination o f the kinetic d ata as well as the equilibrium data from Sloop
(1998) to arrive at the values o f C and S for the isotherms. Also, Sloop (1998) had
perform ed experim ents at differing metal concentration, and sorbent concentrations.
Therefore, his values for Kf w ould most likely be m ore precise than the kinetic d ata even
w ithout the interpolation problem because the more points the isotherm is plotted w ith
the more precise it w ill be. A lso, there is difficulty in obtaining consistent results for
isotherm coefficients because the value can change due to several factors including:
agitation rate o f batch experim ents, pH, the m ethod o f adding the chemical o f interest to
the experim ental reactor vessel, pressure, grain size, surface area, groundwater
composition, tem perature, m ineralogy o f the porous media, and the solid to solution
ration in the experim ent. M ost factors m entioned here were the same for both the kinetic
and equilibrium studies, how ever, those such as agitation rate and metal addition m ethod
differed slightly and m ay cause slightly different results for the isotherms.
For com parison, the IQ values were also determined at l.OM NaNO], even though
caution must be taken if using this value in any model. These values are also im portant
because most hydrologie m odels utilize distribution coefficients to estim ate the transport
o f contam inants in the groundw ater systems. Therefore, even though not considered
valid for geochemical and groundw ater models, these distribution coefficients w ould at
least provide a first approxim ation for use in m odels and estimating the rate o f m igration
o f contam inants in the subsurface. The distribution coefficients can be found in T able 15.
The BQ values for Pb, like Sr, were obtained through a least squares fit to the data. The
distribution coefficients in T able 15 were obtained by forcing the linear isotherm
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through zero since this is one if the assumptions of the model.

T able 15. Comparison o f Linear isotherm param eters from equilibrium and kinetics
studies o f Pb as a function o f pH at l.OM NaNO].
pH

Kd - kinetic

BQ —equilibrium

4.0

8.06

X

10 "

8.31

X

10"

6.0

4.82

X

10“"

5.14

X

10“"

7.0

2.18

X

10“"

1.24

X

10 "

8.0

4.29

X

10 "

3.87

X

10 "

9.0

1.65

X

10 "

8.06

X

10 "

Inspection o f the isotherm parameter BQ shows that like the Kf param eters, as the
pH increases, the distribution coefficient also increases. Once again this indicates that
the affinity of the Pb ion for the zeolitized tu ff increases as the pH o f th e groundwater
system increases. This increase can be seen from the BQ range o f 8.06 x 10 " at pH 4.0 to
1.65 X 10'" at pH 9.0. It should be noted that the Kf values shown previously exihibit a
difference o f only two orders o f magnitude betw een pH 4.0 and 9.0. B u t the BQ values
show three orders of m agnitude difference. This is m ost likely because the linear
isotherm must account for the 1/n value being held at 1.0. This shows th at the Pb sorption
param eters are best described by the nonlinear Freundlich isotherm.
The reasons for the differences observed betw een the kinetic an d equilibrium data
are the sam e as for those presented for the Kf values. These include interpolation
problem s and number of d ata points.
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The Freundlich and linear isotherms w ere also used to calculate sorption
param eters for Pb at O .IM NaNO]. For this particular set o f data, there is no com parison
w ith the equilibrium data o f Sloop (1998) because the experim ental data for Pb show a
very strong affinity for the zeolitized tuff used in the experim ents. However, for
com pleteness they are presented here.
The sorption isotherm s for Pb at 0. IM NaNO? and pH values o f 4, 6, 7, 8, and 9
are Kf = 1.036 x 10'" (g/g)/(g/m ")‘‘^", where 1/n = 0.917 and K j= 1.07 x 10'" m"/g
From these data the observed sorption o f Pb is pH independent at O.IM NaNOs and
therefore the BQ, Kf, and 1/n values for all pH values are the sam e. Note that the Kf and
Kd values are high w hen com pared to those o f Pb at l.OM NaNOs. The only com parable
values at l.OM are at pH 9 where the affinity o f Pb for the zeolitized tuff is the greatest.
This agrees w ith the behavior indicated the kinetic data that Pb has a greater affinity for
the tu ff at O.IM NaNOs than at l.OM NaNO].

C om parison o f Lead and Strontium Isotherm Param eters
The m ost obvious difference between Pb and Sr as show n from the sorption
param eters is that Pb show s a stronger affinity for the zeolitized tu ff particles than does
Sr. The Kf values for S r range from 3.15 x 10“" at O.IM NaNOs to 3.75 x 10'" at 0.0 IM
N aN O ;. W hen com pared to the range for the Pb ions (2.65 x 10”" to 1.94 x 10'" for l.OM
NaNOs and 1.07 x 10'" for O.IM NaNOs) Sr sorption can only be com pared with the
low er pH values for Pb in l.OM NaNOj. For greater than 7 to 8 o r at a background
electrolyte concentration is O.IM NaNOs or more, Pb shows a m uch greater affinity for
sorption than Sr.
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A nother difference betw een Pb and Sr is that a linear coefficient can be defined
for the S r ions, but generally no t for Pb. This is im portant because as it was previously
m entioned, m ost geochemical and hydrological models use the linear isotherm and the
distribution coefficient instead o f the Freundlich isotherm for the prediction o f
contam inant m igration. So for Sr, the m odels would have a mathem atically valid
coefficient. For Pb, however, the distribution coefficient defined could only provide an
estim ated starting place for the m odelers. However, care m ust be taken when using these
BQ values for Pb because o f inherent error will have been introduced into the model
before the m odeling begins.
The isotherm data also show the pH dependent behavior o f Pb compared to the
pH independent behavior o f Sr. T he affinity o f Sr for the zeolitized tuff does not change
as a function o f pH. However, pH has a strong effect on the affinity o f Pb for the sam e
material. Thus, as pH increases, so does the affinity o f Pb for the tu ff and Pb would show
more sorption at high pH values than at low er pH values. This corresponds to the
behavior seen indicated by raw kinetic data that as the pH increases, the fractional uptake
for the Pb ion increases. Sr, alternatively, does not show such behavior and is thus also in
accordance w ith the previously view ed kinetic data.
Coarse T u ff (0.250 - 4.00 mm)
Since only one set o f geochem ical param eters was tested on the larger size particles, it
would not be valid to estimate Freundlich and linear isotherm for them since there would
be only one equilibrium point for each.
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C H A PT E R S

RA TE O F UPTAKE M O D ELIN G
First order rate modeling
The general equation for any chemical reaction (eq 5) can be w ritten
'Z
B

vbB

(5)

=0

W here B is the chemical sym bol for the reactant ion or product, and Vg is the
stoichiom etric number (positive for products and negative for reactants) fo r species B.
The extent o f the reaction (^) is then defined by equation 6

ng = ngo + VgÇ

(6)

where ng is the amount o f substance B and ngo is the am ount o f substance B at the start of
any one experiment that fixes the zero point o f

The rate o f the reaction (k) can then be

determ ined as the time rate o f increase of the extent o f the reaction (eq 7).

A derivative is used because as tim e goes on in an experim ent, the rate alm ost invariably
changes (M oore and Pearson, 1981).
M any investigators have show n that first order kinetics describe soil chemical
processes rather well. Single or m ultiple first order reactions have been observed for ionic
reactions involving arsenic, potassium , nitrogen, phosphorus, copper, lead, cesium.

62
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boron, sulfur, and chlorine. First order reactions have also been used to describe
m olecular reactions on soils and soil constituents. D ata from these studies were fit to first
order equations as will be described later.
The sorption kinetics o f potassium on different clay m aterials was studied by
Sparks and Jardine (1984). They discovered that sorption by kaolinite and smectite
followed a single first o rd er reaction, while the sorption onto verm iculite followed two
first order reactions. T his behavior illustrates that there may be deviations from the first
order reactions over long periods because o f a type o f quasi-equilibrium . These
deviations also occur because at longer reaction tim es, reverse reactions could be
occurring and therefore first order irreversible reactions are only applicable far from
equilibrium .
M ultiple first order reactions have been used in the past to describe different
reactivity sites. However, there are dangers to this m ethod, particularly w hen the only
evidence for such behavior is multiple slopes. Even if one finds that the data from an
experim ent are best fit by two distinct first order reactions, this does not definitively point
to two different reaction mechanisms. These judgem ents should be refrained until other
evidence that also points to multiple mechanisms can be sited (Sparks, 1995).
For the kinetics experim ents using Pb and S r sorption on zeolitized tuffs from the
N TS, first orders equations were applied as described below. T hese plots were used to
obtain reaction rates rather than to obtain the m echanism o f sorption. However, using the
rates, it can be definitively shown that Pb and Sr show different behaviors and possibly
different mechanisms o f sorption. We have postulated from the kinetic data presented
that Sr is sorbing through diffusion and cation exchange while sorption o f Pb occurs
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through surface precipitation or reaction w ith surface amphoteric sites. Lead may also be
sorbing through a com bination o f cation exchange and the two previously mentioned
surface processes. It w ould therefore be expected for Pb to show m uch faster reaction
rates than Sr and for the reaction rates to be m ore varied due to the pH dependence o f the
Pb ion to sorption.
The first order equation has been described by many authors including M oore and
Pearson (1981) (E quation 8)
~ — = kC

(8)

( it

This reaction can then be integrated to equations 9-11
C = C oe^

(9)

l n ^ = kf

(10)

Or

Or
In C = -k t 4-In Co

(11)

W here C represents the concentration in solution at tim e t, Cq the initial concentration, t
is the tim e and k represents the first order rate constant. According to this equation, a
plot o f the In o f the solute concentration versus tim e should yield a straight line where the
slope o f that line is —k or the rate constant. H ow ever, it should be noted that obtaining
such a linear plot does not provide sufficient evidence o f a first order reaction. Even if the
plot were to be linear over 90% of the reaction, deviations from the assum ed rate
expressions may be hidden (Bunnet, 1986).
Another first o rd er equation that can be used is the reversible first order reaction.
T he sim plest case o f the reversible reactions is w hen the forward an d the reverse
reactions are both first order. This case is represented by equation 12 (Hill, 1977)
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( 12)

r = kiCa-IeiCd
W here

Ca = Concentration of species in solution
Cb = C oncentration o f sorbed species
k| = adsorption rate constant
k_i = desorption rate constant
at equilibrium equation 12 becomes equation 13
(13)

An alternative m ethod o f characterizing the progress o f the reaction through tim e is
show n in equation 14

c. -c.
(k. +k_. )t = In

'■-I

/'■
—
C an - c^
,
^
k_,

(14)
da

H ow ever, to use this equation, there must be a prior know ledge o f the ratio o f k , to k.|.
To do this, individual rate studies on both the forward and reverse reactions m ust be
carried out. To obtain a form useful in the analysis o f kinetic data without carrying out
the forw ard and reverse reactions. Equations 13 and 14 can then be combined in equation
15 (H ill, 1977)

'
- ik^ + k_^ )t = In

C„
c.

-c ,
(15)
do

F or the scope o f this study, the irreversible first order reaction was used for
sim plicity and the fact that Pb sorption is most likely an irreversible reaction. T hus the
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irreversible first order reaction was used in all experiments in this thesis. F u rth er
publications will study the reversible first order reaction rates.

Lead —First Order Modeling
Fine T u ff fSauter Diameter = 4.1 urn)
Lead was modeled using all data from the kinetics experim ents described earlier.
Therefore a comparison o f Pb sorption rates can be examined as a function o f
concentration o f the background electrolyte, metal concentration, and pH (Figure 13).

-9_F k = 0.124 h"’'

k= 8.37X10'^

- i — a -----------------------g -

= 1.DM. Cm = 10 ■'Vl

k= 1.13 h

k = 4.92x 10'^ h'^
A

-k = 0.322 h

= 1.0M,

Cm=10'®M

A

= 0.1M, Cm = 1 0 '\ l

-0-

= 0.1M, Cm = 10'4v1
Lead

k= 2.64X 10'^
~r

I-*

k = 3.95x10'"^ h'^
■ fr

IT
I

0
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20

,

Æ -,

«■ _ L
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40
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Figure 13. Representative rate constants obtained from uptake o f Pb modeled as a first
order process as a function o f ionic strength and metal concentration using
3.0 g/L of the fine zeolitized tuff
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Representative experim ents can be observed from the Pb rate m odeling. Tables 16-18
show the rates obtained from all the kinetic data. The fast step for the Pb sorption
accounts for 90-95% o f the total sorption.

T able 16. Rate constants o f Pb sorption at background electrolyte concentration o f l.OM
NaNOs and Pb concentrations o f l.OxlO^M and 1 .0 x l0 ‘*^M using the fine tuff.
M etal concentration

pH

Fast Step

Slow Step

l.OxlQ-^M Pb

2.99

O.llOh'*

1.83

X

10"^ h '^

4.37

0.124 h"'

8.37

X

lO'b h '

6.12

0.108 h '

2.90

X

10"^ h

'‘

6.78

0.101 h '‘

9.31

X

1Q-" h

'‘

8.5

0.102 h"'

8.81

X

lO-^h'*

9.63

0.959 h*‘

8.95

X

10“" h

4.42

0.322 h‘‘

2.64x10'^ h‘‘

6.12

0.302 h‘‘

3.4

6.93

0.299 h '

1.05

X

10" h '

8.05

0.329 h‘‘

6.53

X

10 " h '

9.0

Unknown100% sorption

Unknown100% sorption

l.OxlQ-^M Pb

'

10 " h*‘

X

T able 17. Rate constants o f Pb sorption at background electrolyte concentration o f 0.5M
NaNQs and Pb concentrations o f 1.0xl0~^M and l.OxlO'^M using the fine tuff.
Slow Step
M etal concentration pH
Fast Step
l.OxlO^M Pb

6.10

0.274 h '‘

1 .5 9 x 1 0 " h '

l.OxlO'^’M Pb

6.58

0.967 h‘‘

5.65
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Table 18. Rate constants o f Pb sorption at background electrolyte concentration of O.IM
NaNO] a n d Pb concentrations o f 1.0xl0~*M and l.OxlQ'^M using the fine tuff.
Slow Step
Fast Step
M etal concentration
pH
1.0xl0~'M Pb

l.OxlO ^’M Pb

4.31

1.35 h‘‘

7.70 X 10 " h '‘

6.07

1.23 h'*

7.95

X

10 " h '

7.00

1.13 h '‘

4.92

X

10 " h '‘

8.06

0.922 h '

3.93

X

10 " h"'

9.11

1.12 h '‘

3.88

X

10 " h '‘

4.13

1.18 h*‘

3.95

X

10-" h '

6.43

1.84 h"'

7.47

X

10 " h"'

7.07

1.23 h '‘

6.95

X

10 " h

7.94

0.202 h"'

U nknow n

9.10

1.14 h '

5.98

X

10"* h‘‘

From the rate constants obtained for Pb, trends are indicated. The first trend suggests that
sorption must be d escribed by two different rates to adequately describe the sorption o f
the Pb ions to the zeolitized tuff. These two different rates are caused by the very fast
initial uptake at the beginning o f the experiment where ions are binding to easily
available am photeric sites. This fast step is then followed by a slow step caused by the
rem aining Pb ions taking longer to encounter available sites now that all the easily
accessible surface sites are taken by other Pb ions.
The second trend show s that sorption at the higher background electrolyte
concentration, l.OM N aN O s, appears to be an order o f magnitude slow er than that for
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O.IM NaNO]. This is because at the lower ionic strength, there are fewer N a ions in
solution competing w ith Pb to find binding sites, as com pared to sorption at l.OM NaNO]
w here the increase in N a causes fewer sites to be available.
In terms o f m etal (Pb) concentration, at l.OM NaNOg, the instantaneous uptake as
well as the subsequent rate o f sorption for the first hour are relatively the sam e for
differing pH values. Therefore, even though the final equilibrium point for the different
pH values is different, the approach to equilibrium is relatively constant. A m arked
difference is observed at 0.5 M NaNO] w here, even though they are less than one order
o f m agnitude different, the 1.0xl0"*M Pb seem s to be binding to the zeolitized tuff
quicker than the l.OxlO'^M Pb. It has been observed that lead hydrolyzes easily and
should form precipitates (Sloop, 1998). As the concentration o f Pb in solution increases,
the hydrolysis o f the ions should increase w hich is w hy we m ay be seeing this behavior.
From the kinetic data, it was shown that for O .IM NaNOs, the final equilibrium point was
the sam e at different pH values and metal concentrations. However, the rate o f approach
to reach that equilibrium point seemed to decrease as pH decreased. This is also the
observed pattern from the first order rate data. The rates change by almost h a lf an order
o f m agnitude from 1.35 h ' at pH 4.31 to 0.922 h‘‘ at pH 8.06 at a metal concentration o f
1.0xl0"*M Pb. This slight decrease in the rate constant can also be observed in the slow
step for these same param eters. There is a slight decrease in the rate of sorption as the pH
is decreased.
Coarse T u ff (0.250-4.00 mm)
The first order reaction modeling was also applied to the larger size fraction
particles at O.IM NaNOs and l.OxlO'^M Pb. Figure 14 and Table 19 show the data
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T able 19. First order model rate constants o f l.GxlG'^M Pb in G.IM NaNO^ using 3.0 g/L
o f the coarse tuff.
Size o f particle

Fast Step

Slow Step

G.GGG4-G.2GG mm

1.13 h*‘

4.91xlG'^ h '‘

G.25G-G.5GGmm

l.GG h‘‘

1.47xlG'- h‘‘

G.85G-1.18mm

G.416 h '

l.G 5 x lG '-h '

2.GG-4.GGmm

G.238 h '

6.28xlG " h '

-10

1.0x10"° Pb
O.IM NaNOg
3.Og/Lzeolitized Tuff
,k =

G.0004-0.200 mm
0.250 - 0.500 mm
0.850 - 1.18 mm
2.80-4.00mm

-12

-13
k = 0.238 h'
_.,5 S k ^ _ 0 4 ^ ‘

90
100
60
70
80
50
Time (hours)
Figure 14. Representative rates obtained from the first order m odeling o f Pb at G.IM
NaNOs and l.G x IG'^M Pb w ith the coarse tuff.
0

10

20

30

40

obtained from this first order modeling. As w as expected, as the particle sizes increases

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

71

the rate o f the reaction decreases. If the sorption o f Pb is primarily dependent on surface
am photeric sites, then as the particle size increases, external surface area decreases, and
thus the n u m b er o f external binding sites is also presumably decreasing. Therefore, Pb
may now be m oving into the fram ew ork structure o f the zeolitized tu ff to bind to the only
other available sites, the internal cation exchange sites.
T h e Pb sorption also had to be described as two first order reactions. In the first
step o f the reaction, sorption o f Pb is alm ost an order o f magnitude slow er for the largest
particles, 2.00 —4.00 mm, than it was for the original small size fraction described earlier.
O verall th e data show that as the particle size increases the rate o f sorption decreases.

Strontium —First O rder Rate Modeling
Fine T u ff f Sauter D iam eter = 4.1 itm )
F irst order modeling was also applied to Sr. Representative results are show n in
Figure 15 and the full results can be found in Table 20.

Table 20. A verage first order rate constants for Sr at O.IM and 0 .0 IM NaNOs at m etal
concentrations o f 1.0 x 10"^M and 1.0 x lO'^M Sr using the fine tuff.
Ionic Strength

M etal Cone.

Fast Step

Slow Step

Slow est Step

0.1 M N aN O 3

1.0

X

IQ-^MSr

0.189 h '

4.40

10'^ h '

NA

1.0

X

lO'^’M S r

0.165 h"'

3.21 X 10'^ h '‘

NA

1.0

X

lO'^M Sr

0.455 h '

0.0625 h '

1.72

1.0

X

lO'^’M S r

0.655 h"'

0.0955 h‘‘

4.72 X 10"^ h"'

0 .0 1 M N a N 0 3

X
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One o f the first points to note is that at different pH values, the sorption rates o f
S r by the zeolitized tu ff are relatively constant, therefore, the data are presented as an
average rate rather than giving each rate individually. This also agrees with the

k = 3.54x10"^ h'"'
k = 0.450 h
k= 0.0625 h
■ I = O.IM. Cm = 10"^M

k= 1.72X 10'^ h'^

• 1= O.IM. Cm = 10
A I = 0.01M. Cm = lO^'M
Strontium

-k = 0.153 IT''
k = 3.10x10'^

it ''

-14 -

-15
20

40

60

80
100
Time (hours)

120

140

160

Figure 15. R epresentative rates o f Sr uptake as a first order process as a function o f ionic
strength and metal concentration using the fine tuff.

experim ental data that show sorption o f Sr is a pH independent process.
The Sr data also needed to be modeled w ith several first o rd er rate constants.
H owever, the sorption o f Sr at O.IM NaNOs can be described w ith tw o rates whereas the
sorption at 0 .0 IM NaNOs had to be fitted using three separate rates to properly fit the
data. Therefore, sorption o f Sr at 0. IM NaNO] is most likely not a first order process.
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ruling out surface precipitation which follows the hypothesis o f sorption to the internal
cation exchange sites. These rates may still provide, however, an idea o f how fast the
process o f sorption is for S r at this electrolyte background. From this it can be shown
that sorption o f the Sr ion by the zeolitized tuff is dependent on the ionic strength o f the
background electrolyte. At O.IM NaNOs, the first step is two orders o f m agnitude faster
than the second step. F or the 0.0 IM Na N O s , each successive rate constant is an order o f
magnitude slow er than the previous.
Rates presented in Table 20 also indicate that the S r concentrations, though
changing the final equilibrium points, do not affect the rate o f fractional uptake by the
zeolitized tuff.
Coarse Tuff (0.250-4.00 mm)
The data fo r the larger size fractions are shown in Figure 16 and Table 21.

Table 21. Rates constants obtained from the first order m odeling o f S r at O.IM NaNOg
and 1.0 X 10"^M Sr using all size particles.
Size o f particle

Fast Step

Slow Step

0.0004-0.200 m m

0.195 h'^

2.11x10'^ h*‘

0.250-0.500 mm

0.356 h‘‘

2.08x10'^ h"'

0.850-1.18 mm

0.0531 h‘‘

1.62x10h '

2.00-4.00 mm

0.00396 h '

7.31x10“' h‘‘

As was expected from the experimental data, with increasing particle size, the rate o f the
reaction decreases. Inspection o f Table 22 shows that the observed rates for the two
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■ 0.0004-0.200 mm 3.Og/L zeolitized tuff
l.OxlO“^lvi Sr
o 0.250-0.500 mm 0.1M WaNOo
A 0.850-1.18mm

-13.6
-13.8

o 2.80-4.00 mm
-14

ü

-14.2
Mx

c

-14.4
-14.6
k = 241
-14.8
= 2.08 X 1
15
500
300
400
Time (hours)
Figure 16. R ates o f S r uptake obtained from, tiie first order m odeling o f S r at 0. IM
N aN O ] and 1.0 x lO^M S r w ith the coarse tuff.
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sm aller size fractions are similar. H ow ever, when com paring the 0 .8 5 0 -1 .18mm and 2.004.00m m to the 0.0004-0.200m m particle size, there is almost a o ne and tw o order o f
magnitude difference between them, respectively. W hen inspecting the data for the slow
step, it can be noted that even though the differences are not as dram atic, the rate o f
sorption continues to decline with increasing particle size.

Comparison o f First O rder Rates of Pb an d Sr
To dem onstrate that Pb and S r indeed exhibit different sorption behaviors, the rate
data can be used to show differences in how fast the Pb and Sr sorb to the zeolitized tuff.
Although the data do not conclusively prove two different m echanism s, it is yet another
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step that w ill point in the same direction as the experim ental data as well as the
equilibrium data presented by Sloop (1998). That is, sorption o f Sr is controlled by
diffusion and sorption o f Pb is controlled by either surface precipitation or sorption to
surface sites.
Fine T u ff (Sauter D iam eter = 4. lum )
In a com parison o f the rate o f uptake o f the Pb and Sr, several behaviors betw een
the two show sim ilar trends. The first behavior is that the rates o f sorption o f the two
cations are dependent on the ionic strength o f the background electrolyte used in the
kinetics experim ents. The general trend is that as the ionic strength increases, the rate o f
sorption decreases. This corresponds to the kinetic data in w hich the ionic strength o f the
experim ental solution increases as the fractional uptake o f the cations decreases. This is
due to the fact that as the ionic strength increases, the m etal cations have trouble
com peting w ith the increased num ber o f N a ions in solution and therefore need longer
times to encounter available sorption sites.
A nother sim ilarity between the two is that at the highest ionic strength used for
each m etal, the rate o f sorption is not dependent on the m etal concentration even though
the experim ental data show that the final fractional uptake at the different metal
concentrations is different. At the lowest ionic strengths for the two metal cations, the
fractional uptake at equilibrium and, as expected, the sorption rates are also very sim ilar,
the only variation com ing in Pb where there is a slight decrease in rate as the pH
increases.
O ne expected difference from first order data is that Pb binds much faster to the
zeolitized tu ff com pared to Sr. However, from the first o rd er m odeling, there is not really

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

76
any difference between the rates o f Pb and Sr sorption. This m ay appear confusing
initially, but it m ust be taken into account that the initial peak sorption o f Pb was also
combined w ith som e slower processes w hen modeled. This m ay account for the
appearance o f sim ilar rates o f reaction betw een the two cations.
Y et another similarity com es into play because the two cations had to be modeled
with the first order equation with m ore than one rate. H ow ever, this is com m on in
chemical reactions due to the changing concentration in solution o f the ion o f interest.
Coarse T u ff 10.250-4.00 mm)
A lthough the smaller size fractions o f the zeolitized tu ff indicate that Pb and Sr

■ 0.0004-0.200 mm 3 .Og/L zeolitized tuff
1.0x10“^M Sr
o 0.250-0.500 mm O.IM NaNOo
A 0.850-1-18mm

-13.6
-13.8

□ 2.30-4.00 mm
-14

Ü

-14.2

c

-14.4
-14.6
k= 2.11
-14.8
= 2.08 X 1

0

100

200

300
Time (hours)

400

500

Figure 17, R ates obtained from the first order m odeling o f S r at O.IM NaNO]
and 1.0 X lO'^M Sr as a function o f particle size
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are very sim ilar, the larger size fractions show several distinct differences betw een the
two. The first difference is that Sr consistendy show s much greater decreases in sorption
rate w ith increasing size then does Pb because o f increasing diffusion lengths. T he rate
o f Pb sorption varies from 1.13 h'* for 0.0004-0.200 m m size fraction to 0.238 h '' w ith
the 2.00-4.00m m sized particles, which is almost an o rd er o f m agnitude difference.
Strontium on the other hand shows a much greater difference with the 0.0004-0.200 m m
size show ing a rate of 0.195 h'* and the 2.00-4.00m m size fraction show ing a rate o f
0.00396 h'*, w hich is alm ost 2 orders o f magnitude difference. This indicates that Sr
sorption is at least one order o f m agnitude slower on the larger size fractions than Pb.
This behavior correlates w ith the experimental data th at showed that even though Pb
sorption slow ed a great deal w ith increasing particle size (taking 100 hours instead o f 1 to
reach apparent equilibrium ), sorption was still decidedly faster than the sorption o f S r on
the larger size fraction w hich requires more than 520 hours to equilibrate. O nce again
this difference in sorption m ay be pointing to two different sorption m echanism s for the
uptake o f the two cations. If sorption o f Sr occurs through diffusion and sorption o f Pb
occurs through surface processes, then it would be expected that w ith increasing particle
size S r w ould show slow er rates o f sorption than Pb. These slower rates w ould be caused
by increasing the diffusion path that the ion must take to reach a cation exchange site.
Increasing path lengths also provides for a longer escape path for the N a ion, w hich then
m ay bind to a site previously open for Sr sorption. T h e Pb sorption rates w ere m uch
quicker because even though the external surface area may decrease w ith increasing
particle size, there should still be m any surface sites available for sorption.
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Figure 18. Rates obtained from the first order m odeling o f Pb at O.IM NaNOs
and 1.0 X lO'^M Pb as a function o f particle size.

M odeling o f Pb and Sr Uptake as a Diffusion Process
To further identify differences between the Pb and Sr cations, the kinetic data
w ere com pared with a diffusion limited adsorption m odel adapted by G ary Curtis, USGS,
M enlo Park. In this m odel, ion diffusion in the porous particle is assumed to follow
P ick ’s second law o f diffusion w hich assumes diffusion into spherical aggregates in a
w ell-stirred reactor o f lim ited volum e and fixed initial solute concentration, diffusion
only in the aqueous phase, and a Freundlich adsorption isotherm. For the spherical
coordinate system, the m ass balance is written in equation 16
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e

acxr)

ra r(r)^

I

dt

;

^

=D

a:C%r)^23C%r)
^

I /- I

dr'

V

^ f i i

I r

I

(16)

rdr

W here C(r) is the concentration o f metal in solution in the pore fluid w ithin the zeolitized
tuff. The radial distance is described by r, Sa is the surface area o f the zeolitized tuff per
unit volume of the aggregate and De is the effective diffusion coefficient. The effective
diffusion coefficient describes how fast the m etal ions actually move through the pore
spaces o f the saturated zeolitized tuff. De can be described by equation

(17)

%
W here
e = the internal porosity o f the zeolitized tuff (-)
Dmoi = the molecular diffusivity [L"/t]
X = the effective tortuosity [-]

The molecular diffusivity describes how quickly the cations can move through an
aqueous solution. The tortuosity takes into account the path length and m eander. Thus,
the effective diffusivity in a purely diffusional reaction would be alm ost the sam e as or
sm aller than the m olecular diffusivity since the path traveled through any porous medium
is not a perfectly straight line.
The above formula presented for effective diffusivity was used by Fuller at al.
how ever, several other authors cite a different formula. Papelis et al.
and Reinhard

(1994)

define

Deff

(1995)

(1993),

and Farrell

as

(18)

X

and
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( 19)

respectively.
In the version proposed by Papelis et al. (1995), the porosity is n o t taken into account.
Farrell and Reinhard (1994) however, add a restrictivity factor (Kr) to their form ula
w hich accounts for steric hindrance in small pores. Since it has been shown that the
tortuosity factor for diffusion through porous particles is inversely related to the porosity
o f the particle, including both parameters in the same form ula seem s redundant. A lso,
since the pores within the zeolitized tu ff are mesopores, then steric hindrance effects w ill
not be that large o f an issue since they primarily apply to m icroporous materials.
Therefore the formula used by Papelis et al. (1995) will be used to define the tortuosity o f
the system once the effective diffusivities are calculated from the m odel.
The Freundlich isotherm is defined for a specific pH and background electrolyte
by equation

F(r) = KfC(r)‘'"

(20)

W here
F(r) = the units o f moles o f Pb or Sr per unit surface area
Kf = the adsorption isotherm intercept
1/n = adsorption isotherm slope
W hen equation 13 is substituted into equation 16 for S(r) the resulting equation becom es

ac(r)

^a=C(r)

dt

dr-

29C(r) ^
rdr
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T he nonlinear partitioning term s require a num erical solution, which can be obtained by a
finite difference algorithm . T he com puter code that w as used to m odel the kinetic data
was obtained from G. Curtis (USGS, Menlo Park, C A ). The Levenberg-M arquardt
m ethod to optimization and subroutines was applied to the com puter code. T he com puter
m odel iterates until a m inim um is reached in which

is the sum o f the squares o f the

difference between the experim ental data and the values predicted by the m odel. The
value can then be used to indicate the quality o f the best fit that the m odel produces to fit
the data (Fuller et al, 1993).
Adjustable param eters in the model include the porosity (e ), the effective
diffusion coefficient divided by the diameter o f the particle squared (D e /a " ) w hich
represent the diffusion lim ited sites. The sorption isotherm param eters are represented by
1/n for the slope o f the isotherm , Kf for the value o f the Freundlich constant, and Feq for
the fraction o f the total sites that are always in equilibrium with the aqueous solution or
instantaneous sorption. T he initial values for several o f these param eters w ere taken from
Sloop (1998). However these data consisted o f calculated parameters using a 24-hour
equilibration time. In the kinetics experiments, it w as show n that on several occasions,
equilibrium was reached after this period o f tim e and therefore the num bers for 1/n and
Kf

w ill change. Therefore, these parameters, as well as De/a" and Feq, w ere considered

adjustable. The adsorption density was calculated using a site-specific surface area o f
12.2719 m"/g, a skeletal density o f 0.9611 g/m L, and a m olecular w eight o f the absorbent
as 1290.035 g/mole. The m olecular weight for the zeolitized tuff m ay seem high but it
m ust be taken into account that this is a natural sam ple com posed o f several different
m inerals including clinoptilolite, albite, anorthite, quartz, and mica.
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The apparent diffusion coefficient is also important to this study because it
represents the actual rate at which a solute diffuses through pore fluid. For linear
partitioning the expression for Dapp is represented in equation 22,

However, since the behavior o f Pb and Sr follow a nonlinear isotherm , Deff and Dapp are
dependent on the solute concentration w ithin the particle. If the Freundlich nonlinear
isotherm is used, the relationship betw een Deff and Dapp can be expressed as equation 23,

(23)

W here
Deff = the effective diffusion coefficient [L“/t]
Dapp = the apparent diffusion coefficient [L‘/t]
Pg = grain density (mass o f solid per total grain volume) (M/L^)
e = intraaggregate porosity (-)
K f= Freundlich capacity coefficient ((L^/M)*^")
1/n = Freundlich isotherm exponent
Cw = aqueous solute concentration (M/L^)
For com parison, and for use in determ ining the tortuosity o f the system , the
m olecular diffusivity was also calculated. W hen a salt dissociates in solution, it is the
ions rather than the entire salt m olecule that can diffuse. In the absence o f an electric
potential, however, the diffusion o f any single ion may be treated as m olecular diffusion.
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F or dilute solutions containing a single salt, the molecular diffusion coefficient can be
determined using the N em st-H askell equation (Equation 24) (R eid et al. 19 )

W here
D °ab

= diffusion coefficient at infinite dilution, based on m olecular concentration, cm"/s

T = temperature, K
R = gas constant, J/(m ol K) = 8.314
X°+, X °.= Limiting (zero concentration) ionic conductances. A/cm" (V/cm) (g-equiv/cm^)

n+, n. = Valences o f the cations and anions, respectively
F = Faraday Constant = 96, 500 C /g-equiv
The ionic conductances for the ions are from the use o f Pb(N 0 3 ) 2 and SrfNO]): and are
71.0 for Pb"'*’, 71.42 for

N O 3 ',

and 59.4 for Sr"’*’. The corresponding molecular

diffusivities are 1.41x10'^ m"/s for Pb"’*’ and 1.20x10'^ m"/s for Sr"'*'. These values are
important because they give us an indication o f how quickly the ions move through
solution when they travel a straight path instead o f tortuous pores in the zeolitized tuffs.

Limitations o f Pore Diffusion M odel
Pores have been classified according to size because pore size can influence both
the amount and kinetics o f adsorption. Cylindrical pores with diam eters smaller than 20
À are classified as m icropores, pores w ith diameters 20-500 Â are defined as m esopores,
and pores reaching a diam eter of greater than 500 À are classified as macropores. Even
though the dividing line betw een the sizes is not definitive, each pore class can be
associated with a characteristic adsorptive behavior. For exam ple, mesopores are
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associated w ith capillary condensation w hile macropores show little or no capillary
effects.
M icropores are o f m olecular dim ensions so several other factors have to be taken
into account when describing the sorption in these pores. The first is that field strengths
are substantially increased due to the superposition o f interaction potentials o f opposing
walls. Higher adsorption energies lead to increased adsorption and contribute to isotherm
nonlinearity for sorbent with pores sm aller than several adsorbate diam eters in size. Also,
molecules adsorbed in m icropores are subjected to stronger field strengths than those on
flat surfaces. M icropores also lead to reduced diffusion transport rates as sorption is
increased through the effect o f isotherm slopes on the internal retardation factor (Farrell
and Reinhard, 1994).
O ther contributions to reduced transport rates are that steric hindrance increases
exponentially as the pore size approaches the size of the solute. A lso, as pore size
decreases, the ratio o f pore surface area to pore volume increases, even if BQ remains the
same. This results in the adsorbate spending more time adsorbed to the solid in sm aller
pores than larger pores. Even in the presence o f surface diffusion, transport rates are still
reduced because o f the relative slow ness o f surface diffusion com pared to aqueous
diffusion because Deff is reduced in sm aller pores because the adsorbate spends less time
moving through the pore solution. Therefore, smaller pores lead to higher internal
retardation, even w ith constant partitioning factors (Farrell and R einhard, 1994).
Examining these factors, assum ing hom ogeneity among the pores for microporous
sorbents can be a significant oversim plification. Sorbent m icroporosity can lead to
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increased steric hindrance, greatly increased surface area to volum e, and increased
sorption energies w hich leads to higher adsorption rates (F arrell and Reinhard, 1994).
A num ber o f researchers have successfully applied the pore-diffusion model to
the uptake o f organic contam inants. H ow ever their fits m ay be based on inappropriate
physical param eters (Farrell and R einhard, 1994). M echanism s that are dominant at one
concentration range m ay contribute very little at other concentration ranges and can be
obscured in investigations that cover only limited concentration ranges. If the range o f the
experim ental data is lim ited, mechanism s may be overlooked if the models show that the
apphed m echanism fits the data. However, these models m ay lead to the wrong
conclusions. Farrell and Reinhard (1994) have shown that for lim ited concentration
ranges, fits can be m ade with the pore diffusion model, but the best fit parameters for a
given sorbent are concentration dependent and, are therefore not mechanistically
representative o f true phenomena.
The pore diffusion model can also be applied if an instantaneously adsorbed
fraction is assum ed (B all and Roberts, 1991). However, this limits the concentration
range investigated and provides for a second fitting param eter. Both o f these factors can
then obscure the m echanism for sorption at early times.
To obtain m eaningful physical parameters, the Derr m ust be applied to a length
scale of the particle radius. If not, the pore diffusion m odel reverts to a nonmechanistic
m odel where the effective tortuosity becomes a fitting param eter. This nonm echanistic
fits to data can then explain inconsistent observations on the effects o f particle size on
adsorption rates. Ball and Roberts (1991) have shown that increased adsorption rates
could be obtained from pulverized material. However this increase was less than
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expected based on pore diffusion parameters based on the original m aterial. Therefore,
even though the pore diffusion model may seem to fit the experim ental data, the m odel
w ill not be useful for predictive purposes if the underlying physical mechanisms do not
correspond to the model formulation (Farrell and Reinhard, 1994).

Sr Diffusion M odeling
Fine T u ff (Sauter D iam eter = 4. lum )
The results o f the diffusion modeling o f Sr sorption by the zeolitized tuff from the
NTS are shown in Figure 19 and Table 22. The effective diffusivity is defined by the
m odel as an adjustable param eter De/a", where De is the effective diffusivity and a is the

Table 22. Effective diffusivity, apparent diffusivity, isotherm param eters and tortuosity
of Sr modeled as a diffusion process as a function o f ionic strength and m etal
concentration for the fine tuff.
Ionic Strength

O .IM NaNOs

O .O lM N aN O ]

O.OlMNaNOs

M etal Concentration

l.u

1.0

1.0

Effective Diffusivity
(m"/s)
Tortuosity (-)

2.82

X

10"''

42.55

Kr —model
(g/g)/(g/m^)'^"
1/n - model

2.17

Kf —equilibrium
(g/g)/(g/m^)^^"
1/n - equilibrium

1.89

A pparent
Diffusivity (m"/s)

IC ^M Sr

X

X

8.20

X

10'"

10“"

1.32

X

10 "

10-4

X

10'"

10 '-

9.54

X

10'"*

2 .1 2 X

10"

X

2.45

X

10 "

0.672

0.672

0.967
X

2.45

1.94

1.12

1.12

X

10"M Sr

X

6.18

14.63

1.13

3.28

lO-^M Sr

X

10 '"

2.25
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particle diam eter. This parameter is given by the model and the user m ust then take out
the diameter factor to arrive at the value for the diffusivity. T h e tortuosity factor is then
calculated through the use of equation 18 presented earlier. O nce the effective diffusivity
and tortuosity are known, a range for the apparent diffusivity can be calculated by
equation 23. A range must be given because when using the Kf value, the diffusivity
becomes a function o f the concentration. Since concentration is changing through time, a
range must be given. It is apparent from these data that the diffusion coefficients for Sr
sorption at 0. IM NaNO] are lower than those o f 0.0 IM N aN O s. This is consistent with
the experim ental data where Sr sorption at O.IM required 100 hours to reach equilibrium

1

■

I= 0.01M. Cm=1Q-'Wl

o

I= 0.01M, Crn=10'^

A

I= O.IM, Cm=10"%/1

S trontium

C
o

eff

Q-

= 8 . 2 0 x 1 0 " * * m"'/s

O

CO

cu
p

e ff

.94 X 10"

m /s

æ 40

CL

m /s

e ff

0.01

10

0.1

100

Tim e (hours)

Figure 19. T he fit of Sr to the diffusion model as a function m etal concentrations
o f 1.0 X lO'^M and 1.0 x LO'^M as well as an ionic strength o f 0. IM NaNO]
and 0 .0 1M NaNOa using the fine tuff.
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w hereas sorption at 0 .0 IM NaNOs took only 24 hours. Therefore, effective diffusivity for
the low er ionic strength is expected to be faster because there are few er N a ions in
solution to com pete with for cation exchange sites and therefore diffusion seem s to occur
m uch faster at the low er ionic strength.
D iffusion modeling at a m etal concentration o f 1.0 x 10"^M Sr at 0. IM N aN O s
was not conducted because o f the desorption that occurred during the pre-equilibration
stage o f the experim ental procedure. B ecause approxim ately 1.0 x lO'^M Sr w as in
equilibrium w ith the Sr in the tuff, the param eters o f the experim ent were changed and
the negative in sorption values indicated in the first hour to 5 hours o f the experim ent
could not be used the model.
The tortuosity values were also presented in Table 22. The tortuosity value
describes the diffusion path for the sorbing ion. If the path is a straight line, then the
tortuosity value should equal 1. T able 22 shows that the tortuosity values are all greater
than one for Sr. Also note that the tortuosity for an ionic strength o f 0.0 IM N aN O s is
low er than that for O.IM NaNOs. This shows that Sr must travel longer diffusion paths to
find binding sites at the higher ionic strength, O.IM NaNO]. This is because there are
m ore N a ions in solution that take up sorption sites and the Sr m ust travel longer and
m ore w inding paths lengths to encounter available internal cation exchange sites.
A com parison of the apparent diffusivities w ith the effective and m olecular
diffusivity is located in Table 22. This table shows that the apparent diffusivities are
slow er than the effective diffusivity. This is expected since the effective diffusivity
describes how quickly an ion actually m oves through a material and the apparent
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diffusivity includes the retardation of the ion.
C oarse Tuff 10.250-4.00 mm)
The data from the diffusion m odeling for the larger size fractions are show n in
Figure 20 and Table 23. The first notable feature is that the effective diffusivity is one to
two orders o f m agnitude faster than the m olecular diffusivity (Deff = 3.53 x 10'* to 4.84 x
10'^ m “/s compared to Dmoi= 1 2 x 10'^ m"/s). These values are odd in that the diffusivity
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■
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A
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♦
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O.IM NaNOn
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m 40
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Figure 20. The fit o f Sr to the diffusion m odel at 1.0 x lO'^M Sr and 0. IM NaNOa w ith
the coarse tuff.

values for the larger size fractions are larger than those for the sm aller size fraction even
though diffusion path lengths should be getting longer and more tortuous. Several
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explanations can be given for these results. The first would be that the sorption o f Sr is
controlled by sorption to external amphoteric sites or surface precipitation.
However, it has already been show n that the diffusion o f Sr is pH independent and slow.
This is not consistent w ith surface precipitation. Also, spéciation m odeling by Sloop
(1998) shows that Sr""^ rem ains the dominant species in solution well past pH 11.0. It has

Table 23. Effective diffusivity and tortuosity values for Sr at 1.0 x 10”^M S r and 0. IM
NaNOs using the coarse tuff.
Size fraction

Effective Diffusivity (m ”/s)

Calculated Tortuosity (-)

0.250-0.500 mm

3.53

X

10-8

0.034

0.850-1.18 mm

1.18

X

10-7

0.010

2.8-4.0 mm

4.84

X

10-7

0.0025

also been shown through spectroscopic experiments that Sr forms outer-sphere
complexes. As of yet, there has been no evidence supporting inner-sphere com plexes or
surface precipitation for Sr. Therefore, surface precipitation can also m ost likely be ruled
out. The only other viable explanation includes sorption by surface diffusion. Since the
framework structure of the zeolitized tuff contains channels, these are w hat m ay allow Sr
ions quick passage to internal cation exchange sites. At this point however, the process o f
surface diffusion remains poorly understood but has been applied to m any situations
where a diffusional process indicates effective diffusivities faster than m olecular
diffusivity.
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A nother interesting point to note is that as the size o f the particle increases, the
effective diffusivity increases from 3.53 x 10 * mVs for the 0.250-0.500 m m size fraction
to 4.84

X

10*^ m“/s for the 2.80-4.00 m “/s. This can be explained through increased

surface diffusion as the particle grows larger. As the particle size increases, the particle
roughness and m orphology plays a lesser role in the diffusion because short diffusion
paths become less abundant and other pathways m ust be utilized. T hese new pathways
would be longer pathw ays tow ards the center o f the particle. H ow ever, due to the nature
o f the fram ew ork structure o f the zeolites contained w ithin the tuff, large pathw ays are
available to Sr for quick m ovem ent to cation exchange sites. This is w hy sorption times
to reach equilibrium increase but the effective diffusivities actually increase with
increasing particle size.
Likewise, the tortuosity values presented show values that indicate a diffusion
path shorter than that o f a straight line, which is not possible. These m isleading values are
due to this process o f surface diffusion. The tortuosity values also m im ic the values o f
effective diffusivity in their behavior so they will not be discussed over again.

Pb Diffusion M odeling
Fine T uff (Sauter D iam eter = 4 . 1 iim)
The results o f the diffusion m odeling of Pb sorption by the zeolitized tu ff from the
NTS are shown in Figure 21 and Table 24. When these diffusivities are com pared to the
molecular diffusivity calculated earlier for Pb (1.41 x 10'^ m"/s), it is apparent that the
majority of the calculated effective diffusivity values are close to or faster than molecular
diffusivity. The previously m entioned kinetic data and equilibrium d ata (Sloop, 1998)
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indicates that Pb sorption occurs through surface precipitation and surface sorption
possibly combined w ith diffusion and cation exchange. These data also support this
hypothesis.
One o f the interesting aspects o f modeling the Pb sorption is that the d ata for
1.0 x lC ^ M Pb could n o t be modeled. The data, from a diffusion perspective, w ere
sim ply not accepted b y the m odel and the model w ould not converge. This m ay show
that the sorption o f Pb at 1.0 x 10“*M may be prim arily a surface process w hich is w hy
the m odel did not converge. A nother aspect is that at the 1.0 x lO'^M concentration many
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Figure 21. The fit o f Pb by the diffusion model as a function o f ionic strength and pH
using the fine tuff.
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o f the diffusivities calculated b y the model are higher than that o f m olecular diffusivity
w hich m eans the Pb is supposedly moving through the zeohtized tu ff faster than it moves
through ju s t an aqueous solution. Though this phenom enon has been explained in
diffusional processes before as surface diffusion, previous data have show n that this is
caused m ost likely through surface precipitation and sorption to am photeric surface sites
com bined with some diffusion. H ow ever the m odel is trying to fit the data to a purely
diffusional process and thus optim izes on values faster than m olecular diffusivity.
Even though sorption o f Pb at 1.0 x lO'^M m ay be a com bination o f processes.

Table 24. Effective diffusivity values for Pb as a function o f ionic strength and pH using
the fine tuff.
Ionic Strength

pH

l.OM NaNOs

4.42

Effective Diffusivities
Cm"/s)
6.22 X 10 '"

6.12

6.34 X 10''"

6.93

1.23

X

10 '"

8.05

7.34

X

10''"

9.00

U nknow n — 100% sorption

0.5M NaNO]

(158

1.57

X

10'"

O .lM N aN O ]

4.13

1.39

X

10'"

6.43

2.88

X

10 *

7.07

3.89

X

10'*

7.94

U nknow n

9.10

4.23

X

10'*
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several aspects can be recognized by the diffusivities calculated b y the com puter model.
The first is that as the pH increases, the diffusivity tends to also increase. T his w ould be
expected since at low er pH values (below 5.0), precipitates o f Pb in the groundw ater
under the NTS w ould be expected to be very low and the Pb"^ ion is the dom inant
aqueous species (Sloop, 1998). However, as the pH increases, Pb hydrolyzes easily and
surface precipitates can form. Therefore, at the lower pH values P b is expected to diffuse
more than sorb through surface processes. Therefore, slow er diffusivities are expected at
the low er pH values and there should be an increase in the diffusivity values as the pH
increases since there is a switch over from a slower process o f diffusion to a m uch faster
process, which includes surface precipitation and sorption to read ily available external
am photeric sites.
Coarse T uff (0.250-4.00 mm)
As with the sm aller size fraction, sorption o f Pb by larger particles o f the
zeolitized tuff is also expected to show effective diffusivities fa ster than that o f m olecular
diffusivity. The data from this modeling are shown in Figure 22 and Table 25.

Table 25. Effective diffusivity values for Pb at 1.0 x 10' M Pb an d O.IM N aN O ] using
the coarse tuff.
Pb concentration

Particle Size

1.0

0.250-0.500m m

E ffective D iffusivity (Derr)
(mVs)
3.37 X 10'*

0.850-1.18mm

4 .6 0

X

10 "

2.8-4.0m m

1.32

X

10 "

X

10'*M
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T he figure and table show that like the 0.0004-0.200nam particle size, the larger size
fractions show diffusivities faster than the m olecular diffusivity. The general trend is that
as the particle size increases, the effective diffusivity also increases. O nce again, Pb is
believed to sorb to the zeohtized tu ff through a com bination o f surface precipitation and
diffusion. Therefore, as the particle size increases, the external surface area decreases and
presum ably so does the num ber o f reaction sites. Therefore, after all surface sites are
exhausted, Pb m ust move into the fram ew ork structure o f the zeolitized tuff. H ow ever, as
observed w ith Sr, Pb also undergoes some surface diffusion due to the cage and channel
structure o f the zeolitized tuff particle. Therefore, the diffusivity will increase w ith
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Figure 22. The fit of Pb by the diffusion model at 1.0 x lO'^M Pb and 0. IM N aN O ] using
all particle sizes.
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increasing particle size.
Since Pb displays a coupled sorption process on both the fine and coarse particles,
the diffusivity data that assum e a diffusional controlled kinetics process for Pb are not
valid for use in geochem ical m odels. This is because the m odel is trying to fit d ata to a
purely diffusional system that is a com bination o f surface process and diffusion.
Therefore, since the data from the m odel cannot be considered valid, the apparent
diffusivities were not calculated because these w ould b e derived from invalid
geochem ical properties.
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CHAPTER 6

CONCLUSIONS
The kinetics experim ents indicate that for the 0.0004-0.200 m m size fraction, the
sorption o f cations is controlled by intemal cation exchange (Sr) and surface precipitation
or sorption to external amphoteric sites (Pb). The pH independent behavior o f Sr
com bined w ith the slow steady uptake of the ion are indicative o f sorption to intem al
sites within the zeolitized tuff. This is because diffusion is a slow process because the
ion must m ove into the framework o f the zeolitized tuff, find a suitable cation exchange
site, and the N a ion that was formerly occupying that space must move out o f the tuff
particle. The experim ents also indicate that the fractional uptake o f the Sr ion is
dependent on the ionic strength o f the background electrolyte. For 0.0 IM NaNO]. the
percent sorption is greater than at O.IM NaNO]. This is because there are more N a ions
for the Sr ions to com pete with in solutions at the higher ionic strength, so the fractional
uptake will decrease. A t l.OM NaNO], the Sr ion cannot sorb successfully w ith the
zeolitized tu ff particle and no sorption is observed. This strong dependence on the ionic
strength o f the system m ay point to, but cannot conclusively state at the m acroscopic
level, the form ation of outer-sphere coordination complexes for Sr.
The sorption o f Pb shows both a pH dependent and pH independent behavior. At
the lower ionic strength o f O.IM NaNO], the sorption o f Pb is pH independent. This is
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because there are few er N a ions in solution and Pb may sorb through several processes
including surface precipitation, sorption to external amphoteric sites and to some extent,
diffusion into the zeolitized tuff particle. However, sorption at l.OM NaNO] show s a pH
dependent behavior. This behavior occurs because as the pH o f the system increases,
precipitates o f Pb are m ore likely to form and sorption can also be on surface am photeric
sites which are pH dependent. These factors combined with the fast initial uptake
observed with Pb indicates that Pb sorption is controlled prim arily by surface
precipitation or binding to external am photeric sites. The Pb ion show s that at ionic
strengths less than l.OM NaNO], that there is a ionic strength dependence on sorption.
However, the sorption o f Pb above this point shows an ionic strength independence. This
ionic strength independent behavior m ay show that the Pb ions are sorbing by the
formation o f inner-sphere coordination com plexes.
The experim ents have also show n that Pb has a greater affinity for the zeolitized
tuff than does Sr. T he distribution coefficients for the Pb ion are m uch greater than those
for the Sr ion w hich m eans that Pb w ill be retarded more than Sr from moving through
the subsurface, presum ably through aquifer material, at the NTS. A nother interesting
point is that sorption below O.IM N aN O ] for Pb and O.OlNaNO] for Sr show 100%
sorption. It has been calculated that the groundw ater from well U-20 at the NTS show s an
ionic strength o f 3.2 x lO'^M. Therefore, there are fewer ions in solution for the Pb and Sr
to compete w ith and there should then be 100% sorption o f the two cations onto the
geomedia w ith w hich the Pb and Sr cations come into contact. Therefore, m obility o f the
ions would be significantly retarded in the groundwater by the zeolitized tuff.
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W hen sorption is m odeled as a first order process, the rates given for the fast step
for both ions are very similar. This is because the very fast initial uptake observed in Pb
is combined w ith slow er sorption in the model obscuring this sorption behavior. O n the
other hand, Pb reaches equilibrium in 1 hour, which is m uch faster than Sr, w hich takes at
least 25 hours to equilibrate. It should also be noted that sorption o f S rat 0 .0 IM N aNO ]
had to be described by three first order rates instead o f the two for Pb. This is because the
sorption o f Sr is so m uch slow er than Pb, so it takes three rates to adequately define the
uptake o f the ion. These behaviors suggest that Pb and S r have two different sorption
behaviors and that Pb is defined better by the first o rd er m odel than Sr. This is expected
since precipitation, one o f the possible sorption m echanism s for Pb, is a first order
process.
The larger size fractions show a similar behavior. Lead sorption onto the larger
size fractions show s a fast initial sorption followed by a slow er sorption step. As
expected, as particle size increases, the rate o f sorption decreases slightly. The slight
decrease is because as particle size increases, external surface area decreases. T he Pb is
then forced to sorb to intem al sites as the sites that are readily available at the beginning
o f the experim ent are occupied. This again points to a dual sorption process for Pb
showing prim ary sorption by surface process follow ed by a diffusion step. The S r also
shows a decreased sorption rate as the particle size increases. This decreased rate occurs
because diffusion path lengths becom e longer and the paths presumably becom e more
tortuous.
The sorption o f the two ions were also m odeled as if they followed a diffusion
controlled process. The m odeling shows once again that the process of sorption o f Pb
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and Sr are very different. The diffusivity values for Sr are one to two orders o f m agnitude
low er than the m olecular diffusivity. This is because when diffusing into any particle, the
path an ion must take is not a straight line b u t winds in different directions. The slow er
diffusivity values exist because Sr must follow these paths to move into the zeolitized
tuff. Lead on the other hand, for metal concentrations o f 1.0 x lO'^M Pb, shows
diffusivity greater than the molecular diffusivity. This is because Pb is m ost likely
sorbing through a com bination o f diffusion and surface processes and the m odel is trying
to fit non-diffusion processes to a purely diffusion scenario. It is also interesting to note
that at 1.0

X

lO'^M Pb, the model would not converge. This may show that sorption o f Pb

at this m etal concentration is dependent prim arily on surface processes rather than
diffusion.
For the larger size fractions (0.250-4.00m m ), both ions show diffusion
coefficients greater than m olecular diffusivity. This suggests that diffusion into the larger
particles is faster than diffusion into the sm aller particles. Of course, the exact opposite
should be true because o f increasing path lengths and tortuosity values. H ow ever, this can
be described through surface diffusion. The zeolitized tuffs have a fram ew ork structure
w ith large cages and channels through w hich ions can travel. As the particle size becom es
larger, the diffusivity also increases due to the preferential path o f travel dow n these
structures. So even though equilibrium takes longer to achieve and sorption rates are
slow er, the diffusion coefficients actually increase w ith increasing particle size due to
surface diffusion.
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